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ABSTRACT

Filarial nematodes are vector borne parasitic worms that cause a variety of
disfiguring and disabling diseases, including lymphatic filariasis and onchocerciasis.
Many filarial species require Wolbachia endobacteria (family: Rickettsiaceae) to carry
out their life cycle. Studies using antibiotics to target the endobacteria, thereby interfering
with worm fertility and viability, have generated interest in using Wolbachia as an
antifilarial drug target. However, the exact mechanisms underpinning this interesting
mutualistic interaction are poorly understood.
Wolbachia-dependence is not ubiquitous in the filarial family. Some species are
able to survive in the absence of an endosymbiont. The inconsistent patterns of
Wolbachia-dependence and independence seen in filarial nematodes may be explained by
two hypotheses. Following infection with the endobacteria, reductive evolution could
have removed redundant genes or pathways present in both partners. Thus, deletions in
the worm’s genome would render it dependent on Wolbachia for vital gene products.
Conversely, Wolbachia-dependent species could re-acquire vital genes from the
endosymbiont by horizontal gene transfer, rendering the bacteria expendable.
Mitochondria and Wolbachia are co-transmitted vertically from mother to
offspring, therefore the mitochondrial genome (mtDNA) is particularly sensitive to
evolutionary pressures exerted by the endosymbiont. Wolbachia is also thought to be
closely related to the mitochondrial progenitor, so they may overlap in function (e.g.,
energy production). In order to address our first hypothesis, we sequenced the
mitochondrial genomes of several species of Wolbachia-dependent and independent
filarial nematodes in hopes of finding some degeneracy in the mtDNA of the Wolbachia-
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dependent species. Our studies have shown that the mtDNA of all examined species
encodes the same 12 protein coding genes, 2 ribosomal RNA genes and 22 transfer RNA
genes. Despite a careful analysis, no sequence-level differences were observed between
the mtDNA of infected and uninfected species.
In order to address our second hypothesis, we surveyed the genomes of two
Wolbachia-independent filarial species, Acanthocheilonema viteae and Onchocerca
flexuosa, in search of evidence of horizontal gene transfer from Wolbachia. Many
genomic fragments containing regions with high homology to Wolbachia sequences were
identified. Follow-up transcriptomic and proteomic analyses in O. flexuosa have shown
that Wolbachia-like sequnces are expressed at the RNA and protein levels. Imaging
studies indicate that Wolbachia-like RNAs are mainly produced in tissues known to
harbor Wolbachia in infected species, while a Wolbachia-like protein was found nearby
but not in the same tissue.
This project has produced a vast amount of data that will be useful to the filariasis
research community, including the mtDNA sequences of five filarial species, genomic
sequences from A. viteae and O. flexuosa, transcriptomic sequences from O. flexuosa and
a survey of the O. flexuosa adult worm proteome. Our results have verified a
longstanding hypothesis that the ancestor(s) of many Wolbachia-free filarial nematode
species was colonized in the distant past despite the present lack of endobacteria. Future
studies may prove that horizontally transferred bacterial genes are necessary for the
survival of Wolbachia-free filarial worms that would otherwise require Wolbachia for
reproduction and development.
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CHAPTER 1:

Introduction

This chapter was composed entirely by SNM. Comments from Peter U. Fischer and Gary
J. Weil were incorporated into the final version.
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SECTION I: INTRODUCTION TO FILARIAL NEMATODES

Historical Background
Filarial nematodes are arthropod-borne parasitic worms that infect all classes of
vertebrates except fish [1]. The disabling and disfiguring diseases caused by these worms
(known collectively as “filariasis”) were recognized in ancient times, with potential
accounts dating back to ancient Egypt (2000 BCE) and the Nok civilization of West
Africa (500 BCE). The Dutch explorer Jan Huygen Linschoten made the first clear
description of lymphatic filariasis (LF) in India in the late 16th century, attributing it to a
curse upon the descendants of those who martyred St. Thomas [2].
Despite historical knowledge of filarial disease, larval and adult stage parasites
were not identified until 1863 and 1876, respectively [2]. The elucidation of the filarial
life cycle began in 1877 when Patrick Manson, the father of tropical medicine, found
Wuchereria bancrofti larvae in mosquitoes that had fed on the blood of his infected
gardener [3]. The idea of infection by mosquito bite was confirmed some years later
when Manson’s assistant observed larval worms in mosquito mouthparts [4]. This is
widely considered one of the most significant discoveries in the history of tropical
medicine.
The knowledge of the life cycle allowed for some disease prevention through
avoidance of the vector and vector control. However, it was not until 1947 that
chemotherapeutic agents (first diethylcarbamazine (DEC), later ivermectin and
albendazole) were first used to treat human filarial infections [5,6,7]. Despite widespread
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and ongoing use of these drugs, filarial diseases continue to be major causes of disability
in the developing world.

Life Cycle
Filarial nematodes share a common life cycle (Fig. 1), though the species of the
vertebrate host and vector may vary from parasite species to parasite species. Following
sexual reproduction, females release first-stage larvae (L1) called microfilariae (MF) that
reside in the blood or skin of the host. MF are ingested by a blood-feeding arthropod,
penetrate the midgut, and develop in muscles or other tissues. Larval worms undergo two
molts (from L1 to L2 and from L2 to L3) to reach the infective third larval stage (L3) and
migrate to the arthropod’s mouthparts for transmission during a subsequent feeding. After
infecting the definitive host, worms undergo two more molts (L3 to L4 and L4 to adult)
to reach the adult stage. Young adults require further growth and development to reach
sexual maturity. The interval between infection and the appearance of MF in the blood or
skin (the “prepatent period”) varies between species, ranging from two months to more
than a year. The life expectancy of adult filarial worms also varies between species, with
some surviving more than 10 years.

Phylogeny
Phylogenetic analyses based on the small subunit ribosomal RNA gene suggest
that the phylum Nematoda encompasses five distinct clades [8]. Filarial worms belong to
clade III (Fig. 2). They last shared a common ancestor with the model nematode
Caenorhabditis elegans (clade V) some 300-500 million years ago [9]. The first filarial
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nematodes, likely mosquito-transmitted parasites of crocodilians, are thought to have
emerged toward the end of the Jurassic period (150 million years ago) [10].
Diversification within the superfamily Filarioidea most likely occurred during the
Tertiary period (65 million – 2.6 million years ago), concurrent with the expansion of the
worms’ avian and mammalian hosts [11].
The superfamily Filarioidea is comprised of two distinct families, the Filariidae
and the Onchocercidae. The Filariidae are divided into two subfamilies (the Filariinae
and the Stephanofilariinae) that parasitize various mammals [12]. The Onchocercidae are
a more diverse group encompassing approximately 70-80 genera divided into eight
subfamilies based on classical parasitological criteria (Table 1). Species of this subfamily
parasitize a wide array of hosts including amphibians, reptiles, birds and mammals [12].

SECTION II: FILARIAL DISEASE AND TREATMENT

Filarial Disease
Filarial nematodes are well-adapted parasites that infect various hosts throughout
the globe. In the developed world, many people are familiar with the heartworm,
Dirofilaria immitis (Subfamily: Dirofilariinae), which can cause severe disease and death
in dogs and cats. According to surveys performed from 2001-2007, approximately 43,500
out of 3 million pet dogs tested in the US were diagnosed with heartworm infection [13].
Human filarial infections mainly occur in the tropics and subtropics. Eight species of
filarial nematodes are known to parasitize humans (Table 2). Three of the eight,
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Onchocerca volvulus, W. bancrofti and Brugia malayi (all members of the subfamily
Onchocercinae) are responsible for the most serious filarial diseases.
Some 37 million people in 34 countries are infected with O. volvulus, the
causative agent of African river blindness [14]. Worms of this species are transmitted by
blackflies (genus Simulium) that breed in oxygen-rich waters of swiftly flowing rivers
and streams. Female worms, which can reach 80 cm in length, nest in subcutaneous
nodules, or onchocercomata (Fig. 3A-B), while the smaller males travel between nodules
to mate [15]. MF released from the nodules migrate through skin (Fig. 3C), causing
dermatitis and alterations in pigmentation and elasticity (Fig. 3D-E). Skin disease is often
accompanied by discomfort and itching. Inflammatory reactions to MF in the eye can
lead to ocular damage or blindness (Fig. 3F) [15]. A study in 1995 estimated that
approximately 270,000 people had been blinded by O. volvulus while another 500,000
were vision impaired, making this parasite the world’s second leading infectious cause of
blindness [16].
W. bancrofti, B. malayi and Brugia timori are the causative agents of LF. 120
million people in more than 70 countries are infected with these parasites, and
approximately 1.4 billion are at risk [17]. The 2 to 8 cm long adult worms nest in
lymphatic vessels and lymph nodes, commonly in the groin or lower extremities.
Inflammatory reactions to adult worms damage lymphatic vessels, leading to edema in
the limbs (usually the legs) (Fig. 4A-B) and hydrocele of the scrotum (Fig. 4C-D). This,
in turn, leaves the affected regions vulnerable to secondary infections by bacteria and
fungi, further exacerbating lymphatic damage and promoting elephantiasis (Fig. 4E-F)
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[18]. With more than 40 million people suffering significant clinical disease, LF is the
world’s second leading cause of long-term disability [19].
Unfortunately, no effective cure is available for persons already suffering from
the chronic symptoms of LF or river blindness. Elephantiasis patients often experience
partial improvement with good hygiene and care of affected limbs, including treatment of
secondary infections, but limbs remain swollen. Hydroceles can be corrected surgically,
but surgery is rarely available to affected populations (Fig. 4C-D). Although onchocercal
skin disease improves with the clearance of MF, anthelmintics do not reverse ocular
damage caused by the infection.

Combating Filarial Disease in Humans
Due to its tremendous impact on global health and on economic development in
endemic countries, the Global Programme to Eliminate Lymphatic Filariasis (GPELF)
was implemented in 2000 with the goal of eliminating LF as a public health problem by
the year 2020 [20]. Similarly, the African Programme for Onchocerciasis Control,
initiated in 1995, seeks to control river blindness and onchocercal skin disease in Africa
[14]. Both programs rely on mass drug administration (MDA) to endemic populations.
Drugs used for MDA, including DEC, ivermectin and albendazole, are either donated by
pharmaceutical companies or available at low cost. Ivermectin is used to combat
onchocerciasis, whereas combinations of ivermectin plus albendazole or DEC plus
albendazole are used to combat LF. These treatments temporarily sterilize adult worms
and eliminate MF, thereby blocking transmission. However, they do not effectively kill
the adults, so MDA programs must be sustained over the reproductive lifespan of the
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worms in order to eliminate these infections from endemic communities [21,22]. This
may take 4-6 years for species that cause LF and 10-15 years for O. volvulus.
MDA programs have successfully reduced LF infection rates in many areas. The
GPELF provided approximately 1.9 billion MDA treatments to 570 million patients in 48
countries between 2000 and 2007 [23]. Ottesen et al. estimated that these efforts
prevented some 3.5 million cases of lymphedema, 6 million cases of hydrocele, and the
loss of 32 million disability adjusted life years. The economic benefit of the first 8 years
of the GPELF was estimated to have been at least US$21 billion [24]. However,
prospects for global elimination of LF and control of onchocerciasis would be much
better if drugs were available to efficiently kill or permanently sterilize adult worms. The
urgent need to develop adulticidal anti-filarial therapies has inspired interest in alternative
drug targets, including Wolbachia endobacteria.

SECTION III: WOLBACHIA ENDOBACTERIA OF ARTHROPODS AND
FILARIAL NEMATODES

The Genus Wolbachia
Wolbachia are vertically-transmitted alpha-proteobacteria in the family
Rickettsiaceae [25]. Wolbachia were first detected in the mosquito Culex pipiens in 1924
[26] and have since been found in many species of arthropods (insects, crustaceans,
spiders and mites) and filarial nematodes. These bacteria are remarkably well adapted to
the intracellular environment where they reside in clusters within host-derived vacuoles.
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Infected tissues always include the ovaries and oocytes of female hosts, allowing for
vertical transmission from mother to offspring.
Despite considerable genetic and phenotypic variation, the genus Wolbachia
contains only one recognized species, Wolbachia pipientis [27,28]. The various strains of
this species, generally denoted by the species of the host (e.g. Wolbachia endosymbiont
of B. malayi), have been subdivided into eight supergroups, designated A-H, based on
analyses of various genetic markers (Fig. 5) [29,30,31]. Most of the Wolbachia strains
that infect arthropods cluster into supergroups A and B, while filarial Wolbachia cluster
into supergroups C and D. Supergroup F is particularly interesting in that it includes
strains that infect both insects and filarial hosts [32].

Wolbachia Endobacteria of Arthropods
PCR-based surveys indicate that Wolbachia may infect up to 70% of all insect
species [33,34]. They typically act as parasites that manipulate host reproduction to
promote their own transmission. Phenotypic effects of Wolbachia infection are varied and
can include: feminization of genetic males, parthenogenesis (development of unfertilized
eggs), death of male offspring from infected mothers, and cytoplasmic incompatibility
[35]. One might expect vertical transmission to select for mutualism rather than
parasitism because the fitness of the parasite is inextricably linked to the fitness of the
host. However, there are only a few known examples of arthropod Wolbachia strains
increasing host fitness. Reported positive effects of Wolbachia infection include
increased fecundity in Drosophila simulans, resistance to RNA viruses in Drosophila
melanogaster, and nutrient provision in the bedbug Cimex lectularius [36,37,38].
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Wolbachia Endobacteria of Filarial Nematodes
Wolbachia endobacteria were first observed in ultrastructural studies of filarial
nematodes in the 1970’s [39,40,41]. However, Wolbachia were largely overlooked until
their rediscovery in the genomic era when bacterial DNA was identified in B. malayi
cDNA libraries [42,43]. Early surveys of the distribution of Wolbachia among filarial
nematodes focused mainly on two subfamilies, the Onchocercinae and the Dirofilariinae,
as these encompass many of the medically and economically important parasites of
humans and domestic animals. The results of these limited studies led to the erroneous
conclusion that the vast majority of filarial species were Wolbachia-infected and that the
five species shown to lack Wolbachia (Acanthocheilonema viteae, Loa loa, Onchocerca
flexuosa, Mansonella perstans and Setaria equina) were exceptional
[25,44,45,46,47,48,49,50,51,52]. However, recent studies have shown that Wolbachia
infection is less common in other subfamilies and that filarial parasites of frogs, lizards
and birds are likely Wolbachia-free [32]. The distribution of Wolbachia among filarial
nematodes is summarized in Table 3.
In adult and juvenile worms of both sexes, the majority of Wolbachia reside in the
lateral chords, longitudinal expansions of the hypodermis that run the length of the worm
body [25]. Recent studies suggest that as juvenile adult worms mature, bacteria migrate
from the lateral chords to infect the developing ovaries and testes [53]. Although the
oocytes become infected, a process that is vital for vertical transmission of the bacterial
infection, spermatozoa do not [53]. See Figure 6 for a description of the typical
distribution of Wolbachia in adult worms.
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In contrast to the parasitic behavior of insect Wolbachia, several lines of evidence
suggest that filarial Wolbachia are obligate mutualists. First, the phylogenetic
relationships between Wolbachia strains are nearly identical to the phylogenetic
relationships between their filarial hosts [51]. The long, stable co-evolution that led to
these matching phylogenies implies interdependence. This differs substantially from the
incongruent phylogenetic patterns seen in insects and parasitic Wolbachia [35]. Second,
with only a few potential exceptions, every individual of an infected filarial species is
infected during every life cycle stage [32]. Again, this is in contrast to insect Wolbachia
where infected and uninfected populations often exist within a given species [35]. Finally
and most importantly, studies have shown that long-term (daily for 4-6 weeks)
administration of antibiotics effective against Rickettsia has a severe impact on
Wolbachia-dependent filarial worms. For example, Hoerauf et al. administered
tetracycline to mice infected with Litomosoides sigmodontis (Wolbachia-dependent) and
gerbils infected with A. viteae (Wolbachia-independent) [54]. The treatments reduced
Wolbachia populations in L. sigmodontis to levels undetectable by
immunohistochemistry and electron microscopy. This decrease in Wolbachia was
associated with retarded growth and infertility in the worms and reduced worm burdens
in the rodent hosts. The same treatment had no effect on A. viteae, which are naturally
Wolbachia-free. Subsequent experiments showed that tetracycline has similar effects on
other Wolbachia-dependent species [55,56,57].
Antibiotic treatments have also proven efficacious for treating human filariases.
Several studies have shown that supplementing traditional treatments (ivermectin for O.
volvulus or DEC for the lymphatic filariae) with doxycycline/tetracycline results in
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enhanced suppression of microfilaremia compared to ivermectin or DEC alone [58,59].
Addition of doxycycline to conventional therapy also enhanced macrofilaricidal effects,
killing up to 60% of adult female O. volvulus in examined nodules and 77% of adult W.
bancrofti in lymphatic worm nests [60,61]. Other studies have shown that doxycycline
alone is an effective treatment against both LF and onchocerciasis [62,63]. For a
comparison of doxycycline to traditional anthelmintics, see Table 4.
Doxycycline may be effective for treating filarial infection, but it is not practical
for MDA. Ongoing control programs typically treat endemic populations with a single
dose of drugs only once or twice per year. However, doxycycline must be administered
daily for four to six weeks, after which the MF and adult worm decline is relatively slow
[64]. This makes it unsuitable for use in MDA programs. Doxycycline's mode of action
may be responsible for the length of treatment required and the slow clearance observed
in patient populations. As an inhibitor of bacterial protein translation, it may take some
time for this drug to affect specific bacterial pathways or processes required by the worm
host. Drugs designed to directly target these critical pathways may work faster.
Unfortunately, these pathways have yet to be identified.

Potential Interactions Between Wolbachia and Filarial Nematodes
Hypotheses to explain the dependence of filarial worms on Wolbachia have arisen
from studies that compared the genomes of B. malayi and its Wolbachia endosymbiont
(wBm) [65,66]. The presence of a pathway in wBm and its absence in B. malayi may
indicate metabolic provisioning on the part of the bacteria. Of course, one must consider
the three-way interaction between the bacteria, the worm and the worm’s vertebrate host,
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as the worm may scavenge from either partner. However, the pressure to reduce genome
size, the impact of which is particularly evident in the small, 1 Mb genome of wBm [65],
should have eliminated pathways designed to synthesize substances that are readily
available from another source. For example, Wolbachia have lost the capacity to
synthesize most amino acids, NAD, biotin, folate and coenzyme A [65] since these can
be obtained from the worm or vertebrate host. Remaining pathways are likely to be
required to meet specific needs of the bacteria or needs of both the bacteria and the
worm. Specific examples are discussed below.
Unlike the genomes of Rickettsia and other intracellular bacteria (i.e. Buchnera,
Blochmannia, Mycoplasma and Chlamydia), wBm encodes complete pathways for the de
novo synthesis of purines and pyrimidines [65]. The fact that B. malayi lacks 9 of the 10
enzymes involved in de novo purine synthesis (notably, the conversion of phosphoribosyl
pyrophosphate to inosine monophosphate) suggests that Wolbachia may be synthesizing
nucleotides for both organisms [66,67]. Foster et al. theorized that Wolbachia metabolites
could be particularly important during times of very active cell division (i.e., oogenesis,
embryogenesis, molting, etc.) [65]. Coincidentally, tetracycline/doxycycline treatments
have their most dramatic effects on worm biology during these times [56,57]. It stands to
reason that nucleotides would be vitally important during for intense cell division.
wBm also encodes pathways for the de novo synthesis of riboflavin and FAD
whereas synthesis pathways for other vitamins and cofactors are missing [65]. This is
intriguing because B. malayi lacks the 5 enzymes required for riboflavin production
[66,67]. Recent findings suggest that Wolbachia synthesize B vitamins (including
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riboflavin) necessary to sustain growth and fertility in the bedbug C. lectularius [36],
which makes this pathway particularly interesting.
Another pathway present in wBm but absent in B. malayi is responsible for C4type heme biosynthesis. wBm encodes 6 of the 7 enzymes in this pathway [65]. It should
be noted that the missing enzyme, protoporphyrinogen-IX oxidase (step 6 in the 7-step
pathway), is also absent in other species of heme-producing bacteria [68]; this synthetic
step may be carried out by other enzymes. In contrast, B. malayi only encodes
ferrochelatase, the final enzyme in the heme synthesis pathway [66,67]. Inhibitors of
bacterial heme synthesis appear to affect worm motility in vitro [69], so Wolbachia may
be an important source of this vital prosthetic group.

Impact of Wolbachia on Host Genetics
Wolbachia have impacted their arthropod and filarial hosts by horizontal gene
transfer (HGT). Heritable transfers of DNA from Wolbachia to the nuclear genome of the
invertebrate host are facilitated by the intimate association between the bacteria and the
host germline. This phenomenon was first noted in the bean beetle, Callosobruchis
chinensis [70]. These beetles were infected with three distinct Wolbachia strains.
Antibiotic treatments successfully reduced populations of two of these strains to levels
undetectable by PCR, but sequences from the third were still readily amplifiable. Further
experimentation revealed that the PCR product from the third strain was not derived from
lingering endobacteria, but from a large insert of Wolbachia DNA nestled in the beetle’s
X chromosome. A fragment of Wolbachia DNA was also discovered in O. volvulus and
the closely related cattle parasite Onchocerca ochengi [71]. The identification of the
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same insert in both species led the authors to hypothesize that the transfer had occurred in
a common ancestor. Other studies in insects and filarial nematodes indicated that HGT
from Wolbachia may be a common occurrence. Dunning-Hotopp et al. identified
Wolbachia sequences in several insect and Wolbachia-dependent filarial nematode
species [72]. This included nearly 1 Mb of Wolbachia DNA in the nuclear genome of
Drosophila ananassae and 249 B. malayi genomic contigs with Wolbachia inserts of
various sizes. RT-PCR studies showed RNA-level expression of some of the Wolbachia
genes in antibiotic-cured D. ananassae. Unfortunately, the expression of transferred
genes cannot be proven in Wolbachia-dependent filarial nematodes because there is no
way to determine whether transcripts of interest are derived from the worm genome or
from the endobacteria since the Wolbachia cannot be eliminated.
HGT is not the only means by which Wolbachia affect host genomes.
Mitochondria are particularly sensitive to the evolutionary pressure exerted by
Wolbachia. Due to their reproductive effects, Wolbachia infections often lead to
bottlenecks in insect populations, as the infected insects outbreed the uninfected ones.
Wolbachia and mitochondria are co-inherited from the mother worm, so the expansion of
the Wolbachia-infected population is concurrent with the expansion of the mitochondrial
haplotypes associated with these individuals. These Wolbachia-mitochondria “sweeps,”
characterized by unusually low degrees of mitochondrial variation in infected
populations, have been noted in many insect species [73,74,75,76,77]. A similar lack of
mitochondrial diversity has been reported in populations of D. immitis in comparison to
Wolbachia-uninfected non-filarial nematodes [78]. These studies raise questions
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regarding the effect(s) of Wolbachia on mitochondrial genome content and organization
in filarial nematodes.

SECTION IV: RESOURCES AND CHALLENGES IN THE STUDY OF
FILARIAL NEMATODES

Resources
Although the availability of parasite material can be a limiting factor in the study
of filarial nematodes, material from several species is readily available. A few species,
like B. malayi (Wolbachia-dependent) and A. viteae (Wolbachia-dependent), can be
maintained in the laboratory in convenient small animal models [79,80]. Others, like the
deer parasite O. flexuosa, can be collected from hunted animals [50]. Chandlerella
quiscali, a Wolbachia-free filarial nematode that parasitizes the brain of the common
grackle, can be collected throughout most of the United States and Canada (see
Appendix 1). Ongoing international projects allow for the collection of limited amounts
of O. volvulus worms and W. bancrofti and L. loa microfilariae from infected humans. In
these cases, whole genome amplification (see Appendix 2) can be used to produce
sufficient quantities of DNA for experimentation.
Recent years have seen a tremendous increase in genomic studies of filarial
nematodes and related organisms. The 95 Mb genome of B. malayi has been sequenced to
an estimated 9X coverage [66,67]. Although technically incomplete, it is assumed that
the majority of B. malayi genes have been accounted for. Other species involved in the B.
malayi life cycle, including the human host [81,82], mosquito vectors (Aedes and
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Anopheles) [83,84], and the Wolbachia endosymbiont [65] have also been sequenced, as
have various strains of insect Wolbachia [85,86,87]. The genomes and transcriptomes
sequences of other filarial species such as L. loa, O. volvulus and W. bancrofti are in
progress.
Although C. elegans is a very distant relative of filarial nematodes, it is still an
important model for comparative studies. At the structural level, most nematodes have
similar body plans and a similar pattern of development. At the genomic level,
approximately 50% of all B. malayi genes have clear orthologs in C. elegans [67]. The
wealth of genomic, transcriptomic, and proteomic data available for C. elegans can be
used, with appropriate caution, to make inferences regarding the function and behavior of
these genes. Other resources and reagents developed for use with C. elegans can
sometimes be applied in the study of filarial nematodes. For example, unpublished
studies from the Weil lab have shown that many monoclonal antibodies to C. elegans
proteins also bind targets in B. malayi; many of these can be used in
immunohistochemistry.

Obstacles to the Study of Filarial Nematodes and Wolbachia
One of the major obstacles impeding the study of parasitic nematodes is the lack
of in vitro culture systems or convenient animal hosts to maintain many species in the
laboratory. O. volvulus and W. bancrofti serve as notable examples, as material from
these species must be collected from humans in endemic regions. Nodules containing
adult O. volvulus can be surgically recovered from consenting patients. However,
nodulectomies are not performed as part of medical treatment unless the nodules are on
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or near the face or otherwise interfere with daily activities. In the case of W. bancrofti,
microfilaria can be filtered from infected blood, but the adult worms nestled in lymphatic
vessels are rarely recovered. The same goes for B. timori and anthrophilic strains of B.
malayi. In central Africa, patients infected with Loa loa and Mansonella are often coinfected with other filarial species, which complicates the study of these parasites.
Another challenge in the study of filarial nematodes is genetic intractability.
Stable transgenesis and methods for gene deletion are not yet available for filarial
parasites. RNAi has been used to knock down expression of several genes in B. malayi,
O. volvulus and L. sigmodontis [88,89,90], but results are inconsistent. Skepticism is
fueled by the fact that genes encoding major components of the RNAi apparatus appear
to be missing from the B. malayi genome [66]. A new RNAi protocol has shown success
in mosquito-infecting larval parasites [91], but this may be facilitated by RNAi
machinery present in the mosquito rather than the worm.
Research on filarial nematodes is further hindered by a lack of genetic
information for the vast majority of the species identified to date. This is particularly true
for Wolbachia-independent filarial species. With the exception of L. loa, these are mainly
animal parasites of little economic importance. Therefore, there is little incentive to
sequence and annotate their genomes. Comparative studies of closely and/or distantly
related species could help to answer several important biological questions, but these
studies will not be possible until more genomic information becomes available.
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SECTION V: SCOPE AND AIMS OF THE THESIS

One looming question in the field of filariasis research deals with the relationship
between these organisms and their Wolbachia endobacteria. Why is it that some species
are fully dependent on Wolbachia for proper development, fertility and survival, while
other species thrive in the absence of a bacterial partner? Answering this question would
not only be interesting from a biological and evolutionary point of view, but it could also
have profound practical importance. Wolbachia components or metabolic products that
are required for nematode survival could serve as useful targets for novel, potentially
superior, antifilarial chemotherapies.
I proposed two separate but not mutually exclusive hypotheses to explain
Wolbachia dependence in filarial nematodes. The first hypothesis reasoned that this
dependence resulted from a loss of gene function in Wolbachia-infected worms.
Endosymbiont provision of essential materials could remove selective pressure for the
maintenance of redundant or unnecessary genes in the filarial worm, and this could lead
to gene loss due to mutation or deletion. To test this hypothesis, I chose to focus on the
mitochondrial genome. Wolbachia are closely related to the theoretical mitochondrial
progenitor [65,92], and they could provide a similar function (e.g., energy production).
Mitochondria are also particularly sensitive to evolutionary pressures exerted by
Wolbachia infection, as was previously discussed. We reasoned that the mitochondrial
genomes of Wolbachia-dependent filarial nematodes might be deficient compared to
those of Wolbachia-independent species. For instance, genes related to mitochondrial
respiration might be missing or altered in expression or function. In such cases, the
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endobacterial partner may augment the mitochondrial genome in a beneficial way with its
own complement of genes. Chapter 2 of this thesis deals with the sequencing and analysis
of the mitochondrial genomes of several Wolbachia-dependent and independent filarial
nematode species. We sought to determine how mitochondrial genomes from Wolbachiadependent and independent species compare with respect to content, gene order and
sequence.
My second hypothesis proposed that filarial species that presently lack Wolbachia
may have been Wolbachia-dependent in the distant past and that horizontal transfer of
critical genes from the endosymbiont into the nuclear genome of the nematode host may
have rendered the bacteria expendable. As previously discussed, Wolbachia DNA inserts
have been identified in several species of insects and Wolbachia-dependent filarial
nematodes. Chapters 3 and 4 of this thesis describe the search for evidence of horizontal
gene transfer from Wolbachia to filarial species that no longer contain an endosymbiont.
Following the identification of Wolbachia-like DNA sequences in the nuclear genomes of
these species, we looked for evidence of expression of these genes at the RNA and
protein levels as a first step in determining the impact of horizontally transferred genes
and gene fragments on the survival of Wolbachia-independent filarial species.
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FIGURES

Figure 1: The life cycle of Brugia malayi (Family: Onchocercidae, Subfamily:
Onchocercinae) is representative of all filarial nematodes. This figure was taken from the
website of the Centers for Disease Control and Prevention
(http://www.cdc.gov/parasites/lymphaticfilariasis/biology_b_malayi. html).
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Figure 2: Phylogenetic organization of the phylum Nematoda based on small subunit
ribosomal RNA gene sequences. Underlined genera are parasitic whereas italicized
genera are free-living.
living. The filarial nema
nematodes
todes are located within clade III, while the freefree
living model nematode Caenorhabditis elegans is a member of clade V. This figure was
taken from Gilleard, 2004 [93].
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Figure 3: Images of onchocerciasis. Onchocerca nodules can often be seen on the trunks
of infected patients (A). Nodules can be surgically removed and opened to reveal adult
female worms (B). Pathology related to O. volvulus infection is caused by microfilaria
(see arrows) migrating through the dermis (C). The immune response to circulating
microfilaria can result in the severe dermatitis and hyperpigmentation characteristic of
sowda (D) or the loss of pigmentation characteristic of “leopard skin” (E). When
microfilaria
ria enter the eye, damage to the retina can result in river blindness (F). Photos
were provided by D.W. Buttner.
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Figure 4: Images of lymphatic filariasis. Blockage of the lymphatic vessels in the groin
can lead to mild (A) or severe (B) lymphedema, usually in the lower extremities, or
hydrocele of the scrotum (C). Unlike lymphedema of the limbs, a hydrocele can be
surgically drained, but this may only provide partial relief (D). Lymphedema can lead to
secondary skin changes (E-F). Photos were provided by D.W. Buttner and Peter U.
Fischer.
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Figure 5: The supergroups of Wolbachia pipientis. The genus Wolbachia belongs to the
Anaplasmataceae family within the order Rickettsiales (a). An unrooted phylogenetic
tree highlights the main supergroups of the Wolbachia genus (b). This figure was taken
from Werren et al., 2008 [35].
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Figure 6: The distribution of Wolbachia endobacteria in adult filarial worms.
Longitudinal cross-sections of female (A and B) and male (C) worms are depicted from a
top (dorsal) viewpoint. In mature adult females, Wolbachia (red dots) are present in the
lateral chords, ovaries, and in developing embryos that fill the uteri (A). In immature
adult female worms, populations of bacteria from the lateral chords invade the ovaries as
they grow towards the posterior end of the worm (B). In males, Wolbachia mainly reside
in the lateral chords with remnant populations in the vas deferens, but not in spermatids
or spermatozoa (C). This figure was taken from Fischer et al., 2011 [53].
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TABLES
Table 1: Classification of the Onchocercinae. Information was taken from Anderson,
2000 [12]. An asterisk indicates representation by at least one sequence in GenBank.
Subfamily
Oswaldofilariinae
Icosiellinae
Waltonellinae
Setariinae
Dirofilariinae

Host(s)
Lacertilians
Crocodilians
Amphibians
Frogs
Toads
Artiodactyls
Hyracoids
Equines
Mammals
Reptiles
Birds

Onchocercinae

Mammals
Reptiles

Splendidofilariinae

Reptiles
Mammals
Birds

Lemdaninae

Birds
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Example Genera
Conspiculum
Oswaldofilaria
Icosiella
Waltonella*
Setaria*
Dirofilaria*
Foleyella*
Loa*
Loaina
Pelecitus
Acanthocheilonema*
Breinlia
Brugia*
Cercopithifilaria*
Cherylia
Deraiophoronema*
Dipetalonema*
Elaeophora
Litomosoides*
Macdonaldius
Mansonella*
Molinema
Monanema
Onchocerca*
Skrjabinofilaria
Wuchereria*
Yatesia
Aproctella
Cardiofilaria
Chandlerella*
Splendidofilaria
Thamugadia
Eufilaria
Eulimdana
Sarconema*
Saurositus

Table 2: Filarial parasites of humans. This information was collected from Nanduri et al., 1989 and Morales-Hojas, 2009 [94,95].

Species
Wuchereria bancrofti

Distribution
tropical climates

Brugia malayi

South and East
Asia

Brugia timori

Indonesia

Loa loa

Central and
West Africa
Mansonella perstans
Africa, Central
and South
America
Mansonella streptocerca Central and
West Africa
Mansonella ozzardi
Central and
South America
Onchocerca volvulus

Africa (99%),
Yemen, Central
and South
America

Location of
Adults
lymphatics

Vectors
Culicine and
Anopheline
mosquitoes
Mansonia and lymphatics
Anopheline
mosquitoes
Anopheline
lymphatics
mosquitoes
Chrysops flies connective
tissue
Culicoides
body cavities
midges
Culicoides
midges
Culicoides
midges and
Simulium flies
Simulium flies

Location of Common Disease
Microfilaria Symptoms
blood
lymphangitis,
elephantiasis,
hydroceole
blood
lymphangitis,
elephantiasis

Wolbachia
Status
infected

blood

infected

infected

blood

lymphangitis,
elephantiasis
dermatitis

blood

mostly asymptomatic

varies
regionally

skin

skin

mostly asymptomatic

unknown

subcutaneous
tissues

blood

mostly asymptomatic

infected

subcutaneous
nodules

skin

dermatitis, eye
disease (river
blindness)

infected
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uninfected

Table 3: Wolbachia in filarial nematodes. This information was adapted from a table
provided by J. A. Vaughan, University of North Dakota.

Subfamily
Dirofilariinae
Dirofilariinae
Dirofilariinae
Dirofilariinae
Dirofilariinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae

Species
Dirofilaria immitis
Dirofilaria repens
Foleyella candezei
Foleyella furcata
Loa loa
Acanthocheilonema reconditum
Acanthocheilonema viteae
Brugia malayi
Brugia pahangi
Cercopithifilaria bulboidea
Cercopithifilaria crassa
Cercopithifilaria japonica
Cercopithifilaria longa
Cercopithifilaria minuta
Cercopithifilaria multicauda
Cercopithifilaria roussilhoni
Cercopithifilaria shohoi
Cercopithifilaria tumidicervicata
Dipetalonema gracile
Dipetalonema setariosum
Litomosa chiropterorum
Litomosa westi
Litomosoides brasiliensis
Litomosoides galizai
Litomosoides hamletti
Litomosoides sigmodontis
Litomosoides taylori
Litomosoides yutajensis
Loxodontofilaria caprini
Mansonella atelensis
Mansonella ozzardi
Mansonella perforata
Mansonella perstans
Monanema martini
Onchocerca armillata
Onchocerca diwettei
Onchocerca eberhardi
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Wolbachia
status
+
+
+
+
+
+
+
+
+
+
+
+
mixed
+
+
mixed
mixed
+
mixed
+

Reference
[41,46]
[46]
[32]
[51]
[47,49]
[51]
[41,46]
[96]
[41,46]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[51]
[41]
[97]
[51]
[51]
[51]
[51]
[46]
[32]
[51]
[32]
[32]
[51]
[32]
[52,98]
[32]
[45]
[32]
[32]

Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Onchocercinae
Oswaldofilarinae
Setariinae
Setariinae
Setariinae
Setariinae
Setariinae
Setariinae
Setariinae
Splendidofilariinae
Splendidofilariinae
Waltonellinae
Waltonellinae
Waltonellinae

Onchocerca fasciata
Onchocerca flexuosa
Onchocerca gibsoni
Onchocerca gutturosa
Onchocerca jakutensis
Onchocerca linealis
Onchocerca ochengi
Onchocerca skjabini
Onchocerca suzukii
Onchocerca tarsicola
Onchocerca volvulus
Wuchereria bancrofti
Piratuba scaffi
Setaria digitata
Setaria equina
Setaria labiatopapillosa
Setaria sp.
Setaria sp. 2
Setaria sp. 3
Setaria tundra
Aproctella sp. 1
Chandlerella quiscali
Ochoterenella royi
Ochoterenella sp.
Ochoterenella sp. 1
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+
+
+
+
+
+
+
mixed
+
+
+
-

[99]
[50]
[46]
[46]
[50]
[45]
[46]
[32]
[32]
[45]
[40]
[46]
[32]
[32]
[48]
[51]
[32]
[32]
[32]
[51]
[32]
[100]
[32]
[51]
[32]

Table 4: Comparison of doxycycline with traditional anthelmintics. Information was taken from Gyapong et al., 2005; Fox, 2006;
Basanez et al. 2008; Hoerauf, 2008; Taylor et al., 2010; Osei-Atweneboana et al. [19,64,101,102,103,104].
Targeted diseases
Duration of treatment

Doxycycline
Any species with Wolbachia
4 to 6 weeks of treatment

General anthelmintic activity

None

Microfilaricidal activity
Effect on worm fertility

Slow MF decline
Long-term sterility (>2 years)

Macrofilaricidal activity

78% reduction alone, 83-92%
reduction with ivermectin and
albendazole
Reduction in lymphedema
and hydrocele size
Cannot be used in children or
pregnant/nursing women

Effect on disease pathology
Contraindications

Side effects from medication

Side effects from death of
worms or MF

Resistance

!

Upset stomach, sun
sensitivity, staining of teeth in
children
No adverse reactions

Unknown for Wolbachia;
documented in related
bacteria

Ivermectin
O. volvulus
Single dose, repeated every 612 months in MDA
Effective against broad range
of helminths
Rapid MF decline
MF levels rise slowly after
three months
Limited

Ivermectin + Albendazole
LF in Africa
Single dose, repeated
annually in MDA
Effective against broad range
of helminths
Fast MF decline
Reduces MF levels for at
least 1 year
Limited

Little effect

Little effect

DEC + Albendazole
LF outside Africa
Single dose, repeated
annually in MDA
Effective against broad range
of helminths
Fast MF decline
Reduces MF levels for at
least 1 year
DEC alone and DEC/Alb
have partial macrofilaricidal
activity
Little effect

High burden of L. loa
coinfection leads to severe
adverse reactions
Generally well tolerated

High burden of L. loa
coinfection leads to severe
adverse reactions
Generally well tolerated

Cannot be used in areas
where patients have O.
volvulus infections
Generally well tolerated

Itching, fever, etc. in patients
with onchocerciasis. Fever,
headache in patients with LF

Same as Ivermectin alone

Resistance reported in
intestinal parasites of sheep
and cattle; recent report of
suspected resistance in O.
volvulus

Reports of albendazole
resistance in intestinal
parasites of cattle and sheep

Same as Ivermectin plus
localized inflammation and
pain near dead adult worms.
Not safe for use in
onchocerciasis.
None documented
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PREFACE
SNM sequenced the mitochondrial genomes of Acanthocheilonema viteae,
Chandlerella quiscali and Onchocerca flexuosa and performed assembly, annotation and
bioinformatic analyses on the mitochondrial genomes described in this chapter. SNM
wrote the first complete draft of this chapter. Comments from Gary J. Weil and Peter U.
Fischer were incorporated into the final version presented here.
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ABSTRACT
Background: Many species of filarial nematodes depend upon Wolbachia endobacteria
to carry out their life cycles. Other filarial species are naturally Wolbachia-free. Careful
comparisons of Wolbachia-dependent and independent species, including comparisons of
their mitochondrial genomes, may shed light on the reason(s) for this disparity.
Results: The mitochondrial genomes of five species of filarial nematodes, namely
Acanthocheilonema viteae, Chandlerella quiscali, Loa loa, Onchocerca flexuosa, and
Wuchereria bancrofti, were sequenced, annotated and compared with available
mitochondrial genome sequences from Brugia malayi, Dirofilaria immitis, Onchocerca
volvulus and Setaria digitata. No major differences were observed in genome size, AT
content or codon usage. All nine mitochondrial genomes contain 12 protein-coding
genes, 22 tRNAs and 2 rRNAs. Synteny was perfectly preserved in all species except C.
quiscali, which had a different order for 5 tRNA genes. Homology of protein coding
genes among various species was consistent with reported phylogenies of nonmitochondrial genes and not with the organism’s Wolbachia status.
Conclusions: These results have provided new mitochondrial genome sequences from
filarial nematodes. The presence of Wolbachia endobacteria appears to have had little
impact on the structure and sequence of filarial mitochondrial genomes, as gene content
and organization are highly conserved among all examined species. Additional research
will be needed to determine whether mitochondria from Wolbachia-dependent filarial
species are functionally different from those of Wolbachia-independent species despite
their sequence level similarities.
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ABBREVIATIONS
ATP6, ATP synthase subunit 6; CytB, cytochrome b; Cox1, Cox2 and Cox3, cytochrome
C oxidase subunits 1–3; ND1–6, and NDL4, nicotinamide adenine dinucleotide
dehydrogenase subunits 1–6, and L4; rRNA, ribosomal RNA; tRNA, transfer RNA.
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INTRODUCTION
Many filarial nematode species, including several important human pathogens,
contain Wolbachia endobacteria that are necessary for worm growth, molting, fertility,
and in some cases, survival [1,2,3]. Other filarial species are naturally Wolbachia-free
[4,5,6,7,8,9]. This phenomenon may have been caused by or may have led to significant
genetic differences between these two groups. Studies comparing gene content and
expression in Wolbachia-infected and uninfected filarial nematodes may provide insight
into the exact biological mechanisms underlying this disparity and into the evolutionary
effects exerted by the Wolbachia endosymbiont.
Comparisons of Wolbachia-infected and uninfected species should include an
examination of their mitochondrial genomes (mtDNA), as mitochondria are particularly
sensitive to the evolutionary pressures exerted by Wolbachia infection. Wolbachia and
mitochondria are co-transmitted through vertical passage from mother to offspring;
therefore, the expansion of Wolbachia in a population is concurrent with the expansion of
the mitochondrial haplotypes associated with infected individuals. Such Wolbachiamitochondria “sweeps,” characterized by unusually low degrees of variation in the
mtDNA of infected populations, have been noted in many insect species
[10,11,12,13,14]. A similar lack of mtDNA diversity is seen in populations of Dirofilaria
immitis (canine heartworm) in comparison to Wolbachia-free, non-filarial nematodes
[15]. In light of this phenomenon, we hypothesized that the mtDNAs of Wolbachiadependent filaria may differ in gene content, sequence or organization as compared to
those found in Wolbachia-free species whose ancestor(s) did not undergo a Wolbachiainduced genetic bottleneck or evolve in the presence of an endobacterial partner.
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The mtDNA sequences of four species of filarial nematodes have been reported to
date. These include Onchocerca volvulus [16], D. immitis [17], Brugia malayi [18], and
Setaria digitata [19]. D. immitis, O. volvulus and B. malayi are Wolbachia-dependent. At
the time its mtDNA sequence was generated, the Wolbachia status of S. digitata was
unknown but it has since been characterized as Wolbachia-free [9]. This manuscript
reports the generation of mtDNA sequences for five additional species: Wuchereria
bancrofti, Acanthocheilonema viteae, Loa loa, Onchocerca flexuosa and Chandlerella
quiscali. W. bancrofti is a Wolbachia-dependent human pathogen that infects some 115
million people throughout the tropics [20]. A. viteae, L. loa and O. flexuosa are
Wolbachia-free, but they belong to subfamilies (i.e. the Onchocercinae and the
Dirofilariinae) dominated by Wolbachia-dependent species [6,9]. In fact, Wolbachia-like
DNA sequences in the nuclear genomes of A. viteae and O. flexuosa indicate that they
were infected in the distant past [21]. C. quiscali is also Wolbachia-free [22], and like S.
digitata, comes from a subfamily (Splendidofilariinae) that may be free of Wolbachia
infection [9].
The purpose of the reported study was to compare mtDNA from Wolbachiadependent and independent filarial species from Wolbachia-associated (i.e.
Onchocercinae and Dirofilariinae) and unassociated (i.e. Splendidofilariinae and
Setariinae) subfamilies. Our analyses revealed no major sequence-level discrepancies that
could be attributed to Wolbachia status. Future studies will be required to discover subtler
affects of Wolbachia on the sequence or function of filarial nematode mitochondria.
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RESULTS
Gene Content and Organization
The mitochondrial genomes (mtDNA) of five species of filarial nematodes were
sequenced, annotated and deposited in Genbank under the accession numbers HQ186249
for A. viteae, HM773029 for C. quiscali, HQ186250 for L. loa, HQ214004 for O.
flexuosa and HQ184469 for W. bancrofti. The general properties of these mtDNAs are
compared to those of B. malayi, D. immitis, O. volvulus and S. digitata in Table 1. The
newly sequenced mtDNAs are similar in size and AT content to those of other filarial
species. So far, filarial mtDNAs range in size from 13,474 bp in O. volvulus to 13,839 in
S. digitata and range in AT content from 73.7% in O. volvulus to 77.7% in C. quiscali
[16,19].
All nine filarial mtDNAs encode the same 12 proteins, 22 tRNAs and 2 rRNAs
(Fig. 1, Table 1) with very short intergenic sequences. All genes are encoded in the same
direction, a characteristic shared by most nematode mtDNAs. Synteny is perfectly
preserved in all examined species with the exception of C. quiscali (Fig. 1). In eight of
the nine examined species, five tRNA genes (tRNAAla, tRNALeu2, tRNAAsn, tRNAMet and
tRNALys) are clustered together between the AT-rich region and the NDL4 gene.
However, in C. quiscali, the tRNAMet gene is positioned between the Cox1 gene and ATrich region separate from the main tRNA cluster, and the order of the other of the other
four tRNA genes are scrambled relative to other species.
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Protein Coding Genes
The 12 protein coding genes were identified in A. viteae, C. quiscali, L. loa, O.
flexuosa and W. bancrofti based on homology with orthologs from the other species.
None of these genes contain premature stop codons or frameshift mutations. RT-PCR
reactions indicate that the predicted protein coding genes were expressed at the RNA
level in all examined species (Fig. 2).
Filarial mtDNAs are extremely thymine (T)-rich (Table 1). In light of this, it is
not surprising that filarial mitochondria show a bias towards T-rich codons (Table S1).
The most frequently used codon in all species is TTT, which encodes phenylalanine and
serves as an alternative start codon in certain instances (Table S1, Table 2). The start and
stop codons used by each species are listed in Table 2. Novel start codons include TGT
for ND6 in W. bancrofti, TCT for CytB in A. viteae, and CCT for ND3 in O. flexuosa.
Termination codons include TAG, TAA, and the incomplete stop codon T. The T codon
is converted to TAA upon addition 3’ poly(A) tail.
Neighbor joining phylogenetic trees were constructed to examine homology
between the protein coding genes of the various species (Fig. 3). Trees were constructed
from concatenated protein coding sequences (Fig. 3a) as well as single protein coding
sequences, though only those based on Cox1 (Fig. 3b) and Cox2 (Fig. 3c) are reported.
Although bootstrap values varied, all trees had similar clustering patterns. Overall,
clustering indicated that the most closely related species pairs were O. volvulus and O.
flexuosa and B. malayi and W. bancrofti. In all trees, Chandlerella quiscali (the sole
member of the Splendidofilariinae in the analysis) was basal to the remaining taxa. In no
case did the clustering appear to be reflective of Wolbachia infection status. Wolbachia-
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dependent and Wolbachia-independent filarial species do not form monophyletic lineages
in any of the gene trees or the combined analysis.

Ribosomal and Transfer RNA Genes
Like the protein coding genes, the rRNA genes of the five species sequenced in
this study were identified based on homology with known orthologs. In all species, the
12s rRNA gene is positioned between NDL4 and ND1 while the 16s rRNA gene is
positioned between Cox2 and ND3 (Fig. 1). The exact boundaries of these genes have yet
to be mapped in any filarial species.
Filarial tRNAs were identified based on predicted secondary structure and by
homology to tRNAs from previously sequenced filarial mtDNAs. In the previously
sequenced species, 20 of the 22 mitochondrial tRNAs share a common secondary
structure in which the T!C arm and variable loop are exchanged for a TV-replacement
loop [16,17]. Conversely, the two tRNASer genes contain a DHU replacement loop in
exchange for the typical D arm (Fig. 4) [16,17]. The predicted mitochondrial tRNA
structures of A. viteae followed this trend exactly, as did most of the tRNAs from the
other examined species. However, our predictions indicate that tRNASer1 and tRNAAsn in
C. quiscali, tRNALys and tRNAPro in L. loa, tRNATrp in O. flexuosa and tRNAPro in W.
bancrofti may contain both the T!C and D loops (Fig. 4). The same anticodons are used
in all species with two exceptions. tRNAPro uses the anticodon AGG in O. volvulus, D.
immitis, S. digitata and O. flexuosa while the anticodon TGG is used in other species, and
tRNALeu1 uses the anticodon TAA in A. viteae while the anticodon TAG is used in other
species.
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AT rich region
The control, or AT rich, region represents the largest non-coding region in filarial
mtDNAs, which are otherwise densely packed with tightly spaced or slightly overlapping
protein coding, tRNA and rRNA genes. The AT rich regions of the 9 sequenced filarial
mtDNAs range in size from 256 bp in W. bancrofti to 506 bp in S. digitata (Table 1). In
most species, this region is located between the genes encoding Cox3 and tRNAAla. The
unusual arrangement of tRNA genes in C. quiscali places its proposed 308 bp AT rich
region between the tRNAMet and tRNALeu2 genes, leaving an additional 109 bp noncoding region between the Cox3 and tRNAMet genes (Fig. 1) The impact of this
secondary non-coding region is unknown.
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DISCUSSION
Mitochondria serve as the powerhouse of the eukaryotic cell. Because of their
vital function, their small genome size, and the presence of well-established phylogenetic
markers, mtDNA sequences are often among the first that are obtained in genomic studies
of new organisms. To date, 1511 metazoan mitochondrial genomes have been sequenced
and are available in public databases (see
http://www.ncbi.nlm.nih.gov/genomes/ORGANELLES/mztax_short.html). Despite their
obvious socioeconomic and medical importance, only four of these mitochondrial
genomes are from filarial nematodes [16,17,18,19]. Our study more than doubles the
number of sequenced filarial mitochondrial genomes available in the public databases.
We used the newly available sequences to compare the mtDNA of Wolbachiadependent and independent filarial nematodes. Initially, we hypothesized that there might
be obvious differences in the mtDNA sequences of Wolbachia-dependent and
independent species due to the evolutionary pressure exerted by the endosymbiont
[10,11,12,13,14,15]. However, it appears that the mtDNAs of filarial nematodes are
remarkably similar. No major differences in genome length, AT content or codon usage
were detected. All nine species contain the standard 12 protein coding genes, 22 tRNAs
and 2 rRNAs with synteny perfectly preserved in all species except C. quiscali. The
rearrangement of five tRNA’s in C. quiscali probably reflects its evolutionary distance
from the other species included in this study rather than its Wolbachia-free status (see
Fig. 3), as such rearrangements were not detected in other Wolbachia-free species.
Mitochondrial genomes of other members of the Splendidofilariinae need to be
sequenced in order to find out if the observed difference in the gene order is unique to
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this species, or it is typical of the whole subfamily. Differences in tRNA structure or
anticodon usage are also minor and do not correlate to Wolbachia status. In light of these
findings, it seems that Wolbachia has had little effect on the content, arrangement and
sequence of filarial mtDNA.
If Wolbachia infection had led to the fixation of certain mitochondrial types in an
ancestral population, one might expect to see higher degrees of sequence homology
between infected daughter species relative to uninfected species, particularly species like
C. quiscali and S. digitata that may have never come into contact with the bacteria [9].
However, none of the mitochondrial protein coding genes cluster based on Wolbachia
dependence, regardless of the species’ belonging to a Wolbachia-associated or
unassociated subfamily (Fig. 3). In fact, the Neighbor Joining trees generated in this
study are remarkably similar to those generated from non-mitochondrial markers like the
5s intergenic spacer [23,24]. Our assessment of homology was done at the level of
complete protein coding genes. It may be more informative to assess smaller loci, as even
single base changes are known to have profound effects on mitochondrial function [25].
Of course, substantial differences may yet exist in nuclear genes related to mitochondrial
function, but these will not be discovered until more filarial genomes are sequenced.
Although no consistent sequence-level differences were observed between
mitochondria from Wolbachia-dependent and independent filarial species, this does not
exclude the possibility that differences exist in mitochondrial function or efficiency. For
example, Strubling et al. have reported that tetracycline-mediated clearance of the
Wolbachia endosymbiont led to increased expression of 10 of 12 mitochondrial protein
coding genes in the Wolbachia-dependent filarial species Litomosoides sigmodontis,
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while the same treatment did not affect the expression of these genes in A. viteae [26]. If
the expression of mitochondrial protein coding genes can be altered by the presence or
absence of Wolbachia, it is possible that these genes could be expressed at different
levels in Wolbachia-dependent versus independent species, leading to different levels of
mitochondrial efficiency. Of course, RNA and protein expression levels may correlate to
the number of mitochondrial genomes present in each mitochondria or the number of
mitochondria in a given cell or organism. These factors may also vary between the two
groups.
Mitochondria and Wolbachia share many common features including rickettsial
ancestry [27,28], reduced genome content [27,29,30], transfer of DNA to the nucleus
[21,31,32], and maternal transmission [3]. Over time, the presence of Wolbachia could
have affected the function of mitochondria in Wolbachia-dependent species without
having major effects on the mtDNA sequence. Additional research will be required to test
this hypothesis.
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MATERIALS AND METHODS
Parasite materials
Adult B. malayi and A. viteae were obtained from experimentally infected
Mongolian jirds as previously described [33,34]. Adult D. immitis were obtained from the
Filariasis Research Reagent Resource Center (Athens, GA). Adult O. flexuosa were
isolated from subcutaneous nodules dissected from red deer (Cervus elaphus) in
Schleswig-Holstein, Germany [8]. Adult O. volvulus, and microfilariae of W. bancrofti
and L. loa were available from prior studies in Uganda, Papua New Guinea and
Cameroon, respectively [5,35,36]. Adult Chandlerella quiscali were obtained from
common grackles Quiscalus quiscula trapped in North Dakota, USA.

Nucleic acid isolation and cDNA synthesis
DNA for sequencing was isolated from adult worms and microfilariae using the
DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA), ethanol precipitated to
concentrate and stored in 1x TE buffer. RNA was isolated as previously described [21].
Briefly, worms were homogenized by bead-beating in TRIzol (Invitrogen, Carlsbad, CA)
and RNA was isolated by organic extraction with 1-bromo-3-chloropropane followed by
column purification using the RNeasy Mini Kit (Qiagen) including an on-column DNase
digest. A second DNase treatment was performed with the TURBO DNA-free Kit
(Applied Biosystems, Austin, TX). cDNA was synthesized from total RNA using qScript
cDNA SuperMix according to manufacturer’s suggested protocol (Quant Biosciences,
Gaithersburg, MD) and purified with the Qiaquick PCR Purification Kit (Qiagen).
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PCR reactions and sequencing
Primers used to amplify mtDNA are reported in Table S2. PCR products were
cloned using the TOPO-TA Cloning Kit for Sequencing or the TOPO-XL PCR Cloning
Kit (Invitrogen) depending on size, and sequenced by primer walking.
Primers used to detect expression of mitochondrial genes by RT-PCR are reported
in Table S2. Each of these reactions included a DNA positive control, a cDNA test
sample and total RNA and water-only negative controls.

Assembly and annotation of the mitochondrial genomes
Sequenced contigs were assembled using Contig Express and analyzed using
Vector NTI version 10.3.1 (Invitrogen). Sequences were verified by comparison with
publically available sequence data from the Genbank sequence read archive for L. loa
(accession number SRP000756) and W. bancrofti (accession number SRP000772).
Protein coding genes (including initiation and termination codons) and rRNAs
were determined based on their homology to sequences reported from the mitochondrial
genomes of B. malayi, D. immitis, O. volvulus and S. digitata [16,17,18,19].
In most instances, tRNA sequences were predicted using the Arwen program
(available at http://130.235.46.10/ARWEN/) [37] and verified by homology to known
filarial tRNA sequences. Any computationally predicted tRNAs that fell within other
documented structures (i.e. protein coding genes or rRNAs) were disregarded. tRNAala
and tRNAleu2 in A. viteae, tRNAleu2 and tRNAgly in O. flexuosa, and tRNAala in L. loa
were identified solely based on homology to known orthologs and the presence of the
expected anticodon.
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AT percentages and codon usage were calculated using the DNA Stats and codon
usage features available from the Sequence Manipulation Suite
(http://www.bioinformatics.org/sms2/dna_stats.html). Diagrams of complete
mitochondrial genomes were constructed using DNA plotter
(http://www.sanger.ac.uk/resources/software/dnaplotter/) [38].

Phylogenetic trees
Phylogenetic analyses were conducted in MEGA4 [39] using the NeighborJoining method [40] with sequences from Caenorhabditis elegans serving as the
outgroup. Evolutionary distances were computed using the Maximum Composite
Likelihood method [41]. The optimal trees with the shortest sum branch length were
obtained for each dataset. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (2000 replicates) is shown next to the branches
[42]. For the concatenated sequence tree, the 12 protein coding genes were assembled in
the order in which they are present in filarial nematodes. For single gene trees, the full
coding sequence was used for each species.
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Figure 1: Comparative diagrams of the mitochondrial genomes of (A) W. bancrofti and
(B) C. quiscali. Protein coding genes are shown in red with arrowheads indicating
directionality. rRNA and tRNA genes are shown in blue and green, respectively, and the
AT-rich region is shown in purple. The diagram of the W. bancrofti mitochondrial
genome is representative of most filarial mitochondria, as synteny is preserved in all
species except C. quiscali. The five tRNA genes rearranged in C. quiscali are highlighted
in orange.
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Figure 2: Expression of mitochondrial protein coding genes in six filarial nematode
species. The following templates were used for each RT
RT-PCR
PCR reaction: genomic DNA
(G), cDNA (C), total RNA (R) and water (W).
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Figure 3: Phylogenetic affinities of filarial nematodes based on mitochondrial protein
coding genes. Neighbor Joining trees were constructed for (A) concatenated protein
coding genes, (B) Cox1, and (C) Cox2. Branch support was calculated using the
bootstrap method (2000 replicates) with percentages displayed at nodes. Asterisk
indicates that the species is Wolbachia-dependent.
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Figure 4: Mitochondrial tRNA structures. The features of a typical tRNA include the
acceptor stem, D arm, T!C arm, variable loop and anticodon arm (A). Most filarial
nematode mitochondrial tRNAs have a D arm, but a TV replacement loop is found in
place of the T!C arm and variable loop. tRNATrp of A. viteae is shown as an example of
the standard structure (B). tRNASer1 and tRNASer2 are notable exceptions to the typical
structure. As seen in tRNASer2 from A. viteae, these two contain a DHU replacement loop
in lieu of a D arm (C). Other exceptions may include (D) tRNAAsn and (E) tRNASer1 from
C. quiscali, (F) tRNALys and (G) tRNAPro from L. loa, (H) tRNATrp from O. flexuosa, and
(I) tRNAPro from W. bancrofti, as these structures are predicted to include both the D and
T!C arms.
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TABLES
Table 1: General characteristics of filarial nematode mitochondrial genomes. Information was taken from previous studies for B.
malayi [18], D. immitis [17], O. volvulus [16], and S. digitata [19]. Information regarding the Wolbachia status of species from various
subfamilies is reported in [9].

Wolbachia-independent species,
Wolbachia-associated subfamily

Wolbachia-dependent species
Species
B. malayi
Ascession Number NC_004298
Length (bp)
13,657
# proteins
12
% protein coding
76.0%
#rRNAs
2
#tRNAs
22
Length of AT rich
283
region (bp)
A%
21.6%
T%
53.9%
G%
16.8%
C%
7.7%
AT%
75.5%
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D. immitis
NC_005305
13,814
12
75.2%
2
22

O. vovlulus
NC_001861
13,474
12
77.2%
2
22

W. bancrofti A. viteae
HQ184469
HQ186249
13,636
13,724
12
12
76.3%
75.7%
2
2
22
22

362

312

256

19.3%
54.9%
19.3%
6.5%
74.2%

19.3%
54.0%
19.8%
6.9%
73.3%

20.5%
54.1%
18.0%
7.4%
74.6%
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Wolbachia-independent
species, Wolbachiaunassociated subfamily

L. loa
HQ186250
13,590
12
76.4%
2
22

O. flexuosa
HQ214004
13,672
12
76.1%
2
22

C. quiscali
S. digitata
HM773029 NC_014282
13,757
13,839
12
12
75.4%
75.2%
2
2
22
22

421

288

284

308

506

19.6%
54.0%
19.3%
7.2%
73.5%

20.8%
54.8%
17.7%
6.7%
75.6%

20.3%
53.9%
18.6%
7.2%
74.2%

23.0%
54.7%
15.9%
6.4%
77.7%

19.4%
55.7%
18.2%
6.7%
75.1%

Table 2: Start and stop codons used in mitochondrial protein coding genes of filarial nematodes. Information was taken from
previous studies for B. malayi [18], D. immitis [17], O. volvulus [16], and S. digitata [19]. Information regarding the Wolbachia status
of species from various subfamilies is reported in [9].
Wolbachia-independent species,
Wolbachia-associated subfamily

Wolbachia-dependent species
Protein
ND2
ND4
COX1
ND6
CYTB
COX3
NDL4
ND1
ATP6
COX2
ND3
ND5

B. malayi
TTA/T
TTG/TAA
ATT/TAG
TAT/TAA
ATT/T
ATT/TAA
GTA/TAA
TTG/T
ATT/TAG
ATT/TAA
CTT/TAG
TTT/TAG
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D. immitis
ATT/TAG
TTG/TAG
ATT/TAG
TAT/TAG
GTT/T
ATT/TAA
GTA/TAA
TTG/T
TTG/TAA
ATT/T
CTT/T
TTG/TAG

O. volvulus
ATT/TAG
TTG/TAA
ATT/TAG
ATT/TAG
ATT/TAA
ATT/TAA
TTG/TAA
TTG/T
ATT/TAG
ATT/TA
CTT/TAG
TTG/TAG

W. bancrofti
TTA/T
TTG/TAA
ATT/TAA
TGT/TAA
ATT/T
ATT/TAA
GTA/TAA
TTG/TAA
ATT/TAG
ATT/TAA
CTT/T
TTT/TAG
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A. viteae
TTT/TAG
ATG/TAA
GTT/T
TAT/TAG
TCT/T
ATT/TAA
GTA/T
TTG/T
ATT/TAA
ATT/TAA
CTT/T
TTT/TAG

L. loa
ATT/TAA
TTG/TAG
GTT/T
TAT/TAG
ATT/T
ATT/TAA
GTA/T
TTG/T
ATT/TAA
ATT/TAA
CTT/T
TTT/TAG

O. flexuosa
ATT/TAG
TTG/TAG
ATT/TAA
ATT/TAA
ATT/TAA
ATT/TAG
TTA/T
TTG/T
ATT/TAA
ATT/TAA
CCT/T
TTA/TAA

Wolbachia-independent
species, Wolbachiaunassociated subfamily
C. quiscali
S. digitata
ATT/TAG
TTT/TAG
TTG/TAA
ATG/TAA
TTG/TAA
ATT/TAG
TTG/TAG
TTG/TAA
ATT/T
GTT/T
ATT/TAA
ATA/T
GTT/TAA
TTG/T
TTG/T
TTG/TAA
ATT/TAG
TTT/TAG
ATT/TAA
ATT/TAG
CTT/TAG
TTT/T
TTT/T
TTT/TAG

See the supplementary data CD for the following tables:

Table S1: Codon usage in the mitochondrial genomes of filarial nematodes.
Table S2: Primer sequences.
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CHAPTER 3:

Endosymbiont DNA in Endobacteria-Free Filarial Nematodes Indicates Ancient
Horizontal Genetic Transfer
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PREFACE
SNM assisted in the collection of O. flexuosa material, isolated O. flexuosa
genomic DNA for construction of paired-end genomic libraries, mapped the regions of O.
flexuosa and A. viteae contigs with homology to Wolbachia sequences, confirmed all
Wolbachia-like sequences by PCR amplification and re-sequencing, assigned Wolbachialike sequences to COG functional categories and performed qRT-PCR reactions to assess
the expression of Wolbachia-like sequences. SNM wrote the first complete draft of this
manuscript. Comments from co-authors and reviewers were incorporated into the
published version.
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ABSTRACT
Background: Wolbachia are among the most abundant symbiotic microbes on earth;
they are present in about 66% of all insect species, some spiders, mites and crustaceans,
and most filarial nematode species. Infected filarial nematodes, including many
pathogens of medical and veterinary importance, depend on Wolbachia for proper
development and survival. The mechanisms behind this interdependence are not
understood. Interestingly, a minority of filarial species examined to date are naturally
Wolbachia-free.
Methodology/Principle Findings: We used 454 pyrosequencing to survey the genomes
of two distantly related Wolbachia-free filarial species, Acanthocheilonema viteae and
Onchocerca flexuosa. This screen identified 49 Wolbachia-like DNA sequences in A.
viteae and 114 in O. flexuosa. qRT-PCR reactions detected expression of 30 Wolbachialike sequences in A. viteae and 56 in O. flexuosa. Approximately half of these appear to
be transcribed from pseudogenes. In situ hybridization showed that two of these
pseudogene transcripts were specifically expressed in developing embryos and testes of
both species.
Conclusions/Significance: These results strongly suggest that the last common ancestor
of extant filarial nematodes was infected with Wolbachia and that this former
endosymbiont contributed to their genome evolution. Horizontally transferred Wolbachia
DNA may explain the ability of some filarial species to live and reproduce without the
endosymbiont while other species cannot.
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INTRODUCTION
Several important evolutionary milestones, such as the emergence of eukaryotes
and the development of intracellular organelles (e.g. mitochondria and plastids), have
involved disparate species uniting to form composite organisms. Filarial nematodes and
their Wolbachia endobacteria are an interesting example of such a composite [1].
Although antibiotics can be used to cure arthropods of their Wolbachia infection, similar
treatments lead to infertility, improper development and sometimes death of Wolbachiadependent filarial nematodes [2,3]. Likewise, attempts to maintain filarial Wolbachia in
culture have failed (B.E. Slatko, P.U. Fischer, R.U. Rao, pers. comm.). This
interdependence may be a consequence of reductive evolution in both partners, as several
biosynthetic pathways (e.g. synthesis of heme, riboflavin, nucleotides, etc.) seem to
require both genomes for complete functionality [4].
Wolbachia are vertically transmitted through infected oocytes [5]. Their presence
in the germline allows for heritable DNA transfer from the bacteria to the metazoan host.
Horizontal genetic transfers (HGTs) have been reported in several Wolbachia-infected
filarial and arthropod species [6,7,8,9], and evidence for transcription of transferred
sequences has been reported in Drosophila ananassae that have been cured of Wolbachia
by antibiotic treatment [7]. Similar expression studies in filarial nematodes are difficult
because the infection cannot be cleared without damaging the worms. In any case, the
transferred Wolbachia DNA sequences found in the Wolbachia-dependent filarial species
are most likely degenerate [7] and therefore unable to produce functional proteins.
In this study, we examined two filarial nematode species from different clades
[10] that are naturally Wolbachia-free, namely Acanthocheilonema viteae (a rodent
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parasite whose life cycle can be maintained in the laboratory) and Onchocerca flexuosa
(a parasite of European red deer and a close relative of the agent of African river
blindness) [11,12,13]. It has been suggested that the ancestors of these species were
colonized in the distant past, as some 90% of filarial nematode species examined to date
contain the bacteria [10,11]. We hypothesized that if this is true, HGT may have brought
Wolbachia DNA into the nuclear genomes of these species prior to endosymbiont loss.
We used massively parallel sequencing to survey the genomes of A. viteae and O.
flexuosa in search of Wolbachia-like DNA sequences. The presence of Wolbachia-like
sequences in their nuclear genomes provides the first direct evidence that the ancestors of
these species harbored Wolbachia endosymbionts that were subsequently lost.
Transferred Wolbachia genes and/or regulatory elements may help explain the ability of
uninfected species to survive without a bacterial partner. Further analysis of transferred
genes will provide insight into the nature of the symbiotic relationship between
Wolbachia and its filarial nematode hosts.
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RESULTS
1. Genome sequencing and identification of Wolbachia-like sequences
To survey the genomes of A. viteae and O. flexuosa for transferred Wolbachia
sequences, fragment and paired-end genomic libraries were sequenced using 454 GSFLX technology. Two orthologous approaches were undertaken to remove redundancy or
capture longer contigs containing Wolbachia homologs (see Materials and Methods). B.
malayi, the only filarial nematode for which draft genome information is available, has an
~95 Mb genome containing ~14% repetitive sequences [14]. Assuming a similar size and
structure, we estimate that assembled contigs provide a ~38% coverage of the nonrepetitive portions of the A. viteae genome. It is not possible to estimate coverage of the
O. flexuosa genome, as the coverage was insufficient for assembly of paired-end reads.
BLASTN analyses identified 45 and 92 genomic fragments containing Wolbachia-like
sequences in A. viteae and O. flexuosa, respectively (Tables 1, S1 and S2). Subsequent
similarity searches found that 14 of the 45 genomic fragments in A. viteae and 32 of the
92 genomic fragments in O. flexuosa also contain filarial nematode gene homologs. This
demonstrates that the Wolbachia homologs residing on these fragments are physically
integrated into the filarial genomes.
2. Analysis of Wolbachia-like sequences
BLAST analysis was used to annotate the genomic DNA fragments identified in this
screen (Tables S1 and S2). A total of 49 and 114 Wolbachia-like DNA sequences were
identified in A. viteae and O. flexuosa, respectively. The average identity (% ! standard
deviation) of the Wolbachia homologs to their top BLAST hit was 78±6% in A. viteae
and 81±6% in O. flexuosa, and the average alignment length (bp ! standard deviation)
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was 159 ! 83bp and 174 ! 192 bp for A. viteae and O. flexuosa, respectively. For
comparison, the average identity to a filarial nematode gene was 79 ± 16% in A. viteae
and 83 ± 6% in O. flexuosa. Despite low-level sequence coverage, seven Wolbachia
genes were represented by sequence fragments in both A. viteae and O. flexuosa. Some of
the transferred fragments present in A. viteae or O. flexuosa also correspond to
Wolbachia gene fragments present in the nuclear genome of B. malayi [7]. So far, none
have been identified in all three species (Table 2).
3. Cellular processes represented by the transferred DNA
Each of the Wolbachia-like gene fragments identified in this study was assigned to a
COG functional category in order to determine which cellular processes and pathways
were most heavily represented in our transferred fragment collection (Table 3). Forty of
the 49 Wolbachia sequences from A. viteae and 104 of the 114 from O. flexuosa could be
matched to gene from the Wolbachia strain wBm from B. malayi with a functional role.
No COG functional category was identified as over-represented in the HGT sequences as
compared to the genome of wBm (Fisher’s Exact test, Bonferroni step-down correction,
p<0.01).
4. Potential source of transferred fragments
Of the 49 Wolbachia homologs found in A. viteae, 19 (39%) align best to a filarial
Wolbachia sequence and 30 align best to an insect Wolbachia sequence. Likewise, 47
(41%) of the Wolbachia homologs in O. flexuosa align best to a filarial Wolbachia
sequence and 67 align best to an insect Wolbachia sequence (Tables S1 and S2).
Additionally, there was no apparent clustering pattern when transferred sequences were
aligned to the circular genome of the Wolbachia endosymbiont of B. malayi (Fig. 1).
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Alignment of transferred fragments to the genomes of the Wolbachia endosymbionts of
Drosophila melanogaster, Drosophila simulans, and Culex pipiens showed a similar lack
of clustering. Therefore, we cannot determine whether a large piece of Wolbachia DNA
(or even an entire bacterial genome) was inserted and subsequently fragmented and
scattered in the filarial genomes over time, or if small fragments were shuttled into the
genome separately.
5. Mechanism of transfer
The mechanism responsible for DNA transfer from Wolbachia is unknown, but the
sequence data provide some interesting clues (Tables S1, S2, S3 and S4). O. flexuosa
contains several homologs to Wolbachia proteins involved in bacterial type IV secretion.
This suggests that the DNA donor Wolbachia strain had a type IV secretion system which
could have been capable of shuttling DNA out of the bacterial compartment.
Furthermore, remnants of pao retrotransposon sequences were identified in both species
(A. viteae contig 187 and O. flexuosa contig 13). For example, O. flexuosa contig 13
contains a Wolbachia-like DNA fragment flanked by a pao retrotransposon sequence and
a poly(A) tract (Fig. 2). Large poly(A) sequences (>20 bases) are present in eight of our
reported contigs. Most lie within a few hundred bases of a Wolbachia-like sequence.
These poly(A) sequences may be remnants of poly(A) tails and suggest retrotransposition
of processed eukaryotic mRNAs. Sequence duplication and inverted repeats present in
our data are also consistent with transposon insertion sites (Fig. 2). Arthropod Wolbachia
contain prophage sequences thought to enhance DNA rearrangements [15]; one phage
sequence was detected in A. viteae (wAv16332).
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6. Coding potential of transferred fragments
Most of the sequences identified in this screen represent only small portions of
Wolbachia genes. Some of these sequences, 23 in A. viteae and 61 in O. flexuosa, are
truncated at the end of a contig, so further sequencing will be needed to determine their
actual length. The fragments that fall entirely within a sequenced contig (i.e. >25bp from
the end of a contig) had average sizes of 146±84 and 183±219 bp in A. viteae and O.
flexuosa, respectively. For comparison, the predicted protein coding genes of the
Wolbachia endosymbiont of B. malayi range from 42 to 2839 amino acids; 35 proteins
are predicted to be encoded by sequences shorter than 200 bp (~66 amino acids)
(www.ncbi.nlm.nih.gov/sites/entrez?Db=genome&Cmd=Retrieve&dopt=Protein+Table
&list_uids=630). BLASTX was able to identify 28 Wolbachia homologs in A. viteae and
70 in O. flexuosa, fewer homologs than the number identified by BLASTN. Ten of the 28
in A. viteae and 27 of the 70 homologs in O. flexuosa are free of stop codons and
frameshift mutations (see Tables S3 and S4).
7. Expression of the transferred fragments
Sybr Green qRT-PCR was used to assess expression of Wolbachia-like sequences
regardless of the presence of an open reading frame. Stringent controls were used to rule
out DNA contamination. Thirty of 42 A. viteae and 56 of 87 O. flexuosa Wolbachia-like
sequences tested were expressed at the RNA level (Table S5). 14 of the expressed
Wolbachia homologs in A. viteae and 34 in O. flexuosa appear to be transcribed from
pseudogenes relative to what is known from the endobacterial genome.
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8. Localization of transcripts
In situ RNA hybridization was used to localize two transcripts predicted to arise from
pseudogenes of 2-methylthioadenine synthase (2-MAS), which contains a frameshift
mutation, and DNA polymerase I (pol I), which contains several premature stop codons.
The Wolbachia homologs of both of these sequences are involved in nucleic acid
synthesis. The 321bp 2-MAS and 415bp polA probe sequences had 83% and 73%
identity to their homologs in wBm, respectively. The 2-MAS probe labeled the lateral
chords and intrauterine stretched microfilaria, tissues containing Wolbachia endobacteria,
as well as the intestinal and uterine epithelium in B. malayi (Fig. 3B). The staining of the
intestine and uterine epithelium could be indicative of an expressed HGT fragment in B.
malayi, as these tissues do not contain Wolbachia. In A. viteae, this probe labeled
developing embryos in females and late spermatogonia in males (Fig. 3D, F). No staining
was seen in the lateral chords. Most of the examined O. flexuosa nodule sections did not
contain females with developing embryos. However, one O. flexuosa nodule containing a
young male showed intensive labeling of the testes similar to that seen in male A. viteae
(Fig. 3F, H). The pol I probe weakly labeled Wolbachia in the lateral chords (arrows) of
B. malayi (Fig. 3J). Some background staining was observed in the ovaries and uterus
using the sense probe (Fig. 3 I, K), but this was very weak compared to the strong signal
obtained with the anti-sense probe in female B. malayi and A. viteae (Fig. 3J, L). These
results show that Wolbachia-like pseudogene transcripts can be detected in Wolbachiafree filarial species. Expression appears to be tightly regulated, because not all stages,
body regions and tissue types were stained.
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DISCUSSION
The nuclear genomes of two distantly related, Wolbachia-free filarial nematode
species contain Wolbachia-like DNA sequences that were obtained from a former
endosymbiont via HGT. We detected transcription of several Wolbachia homologs
present in A. viteae and O. flexuosa despite the fact that many of these sequences are
degenerate. In situ hybridization showed that two pseudogene transcripts had tissuespecific expression patterns in three filarial species. Our results provide strong evidence
to support the hypothesis that the ancestor of extant Wolbachia-free filarial species was
infected with Wolbachia.
Low coverage genome sequencing was used as a cost-effective approach to
identify Wolbachia-like sequences. Providing draft genomes and a full inventory of all
transferred DNA fragments from A. viteae and O. flexuosa was beyond the scope of this
project. Rather, our aim was to provide evidence that the absence of Wolbachia in
presently uninfected filarial species is due to secondary loss and that DNA had been
passed from Wolbachia to these species prior to this loss. At present, draft genomes are
only available for three parasitic nematode species; over 20 more are in progress [16].
Although priority is still given to pathogens of socio-economic importance, future studies
may provide more complete drafts of these genomes at a later date.
The genetic screens described in this report identified 49 and 114 Wolbachia
homologs in A. viteae and O. flexuosa, respectively. It will not be possible to determine if
O. flexuosa and A. viteae have the same number of transferred genes until both genomes
are fully sequenced. However, it is likely that we have identified more sequences in O.
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flexuosa due to technical issues like the use of a paired-end sequencing approach as
opposed to the traditional fragment library that was used for A. viteae.
Several methods are commonly used to detect HGT events [17]. Approaches such
as analysis of GC content or codon bias were not feasible because the GC content of
filarial worms is similar to that of Wolbachia [4], and because we do not have enough
information about the genomes of A. viteae and O. flexuosa to evaluate their codon usage.
Our project relied heavily on homology-based analyses. This was ideal for our
application because the suspected source of the transfer could be inferred based on the
presence of Wolbachia in other filarial species and based on the propensity of Wolbachia
to transfer DNA to the nuclear genomes of its hosts [7].
It is believed that mutualistic Wolbachia provide metabolites that are essential for
host reproduction, development and survival. The combined genomes of B. malayi and its
Wolbachia endosymbiont encode complete pathways for the biosynthesis of purines,
pyrimidines, riboflavin, flavin adenine dinucleotide and heme, pathways that are missing
or incomplete in the filarial genome alone [4]. Some of the sequence fragments we
identified are homologous to genes involved in these processes (Tables S1 and S2). For
instance, several genes related to heme synthesis and export were present in the HGT
fragment list. Nematodes, including C. elegans, are not known to synthesize their own
heme [18], so the presences of a complete heme biosynthetic pathway in either A. viteae
or O. flexuosa would be unique. Since only portions of these genomes have been
scanned, further studies are needed to determine the full insert length for many of the
known Wolbachia homologs and to reveal more transferred sequences, some of which
may encode full-length gene products.
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The data provide intriguing clues about the donor strain and how transferred DNA
was incorporated into the nuclear genome of filarial nematodes. If the transfer came from
an extant Wolbachia species, the majority of the fragments would show a top BLAST
score to this species. We would also expect that the transferred fragments would fall
within certain portions of the donor genome if they were incorporated in one or few
events. These characteristics were not seen when we compared the transferred fragments
to sequenced Wolbachia genomes. The variability in the strain of the top BLAST hit and
the average percent identity to that hit suggests that transfer(s) either came from a species
that is not represented in public databases and/or that the transferred sequences have
mutated over time with respect to their parent gene. Either way, these sequence changes
must have taken millions of years to accumulate and stabilize in filarial and Wolbachia
populations [19]. The initial transfer event(s) probably took place between an ancestral
Wolbachia strain and an ancestral filarial species. It is likely that neither of these exists in
the same form today, but we see the “fossilized” evidence of their interaction in the
genomes of their descendents.
Questions remain as to how the DNA escaped the bacterial compartment and
entered the nucleus of the host cell. It is possible that this may have involved bacterial
Type IV secretion, a system conserved in Wolbachia. Type IV secretion systems are
capable of shuttling proteins and nucleoprotein complexes across membranes and are
known to facilitate gene transfer [20,21]. After translocation, DNA may have been
inserted into the host genome by transposable elements. Furthermore, the remnants of
retrotransposons and large poly(A) stretches found in our sequences suggest that some of
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the sequences may be processed pseudogenes derived from mature mRNAs [19]. We
have yet to identify the parent copies of these putative processed pseudogenes.
Many of the Wolbachia homologs identified in this study show insertions and/or
truncations, frameshift mutations and premature stop codons relative to homologs from
sequenced Wolbachia genomes. Gene fragmentation and degradation suggests a lack of
selective pressure to maintain coding capacity, but full-length transcripts and proteins are
not always required for biological function. For example, transfer of DNA from
mitochondria to the nuclear genome can generate novel exons that alter protein function
[22]. Likewise, truncated Wolbachia sequences inserted into filarial genes may act as new
protein domains that alter or enhance the function of existing nematode proteins.
Pseudogenes containing frameshifts and premature stops are abundant in many genomes
[23], and widespread transcription of pseudogenes has been reported [24,25]. mRNA
recoding mechanisms, which are employed infrequently in most organisms, could allow
the translational machinery to produce a protein despite these coding errors [26]. Even if
the pseudogene sequences are not translated, recent studies have shown that expressed
pseudogenes sequences can regulate expression of other genes through RNA interference
[27,28,29,30]. Further studies will determine which of these mechanisms might allow the
transferred Wolbachia sequences reported here to contribute to filarial biology.
We have provided strong evidence that two distantly related Wolbachia-free
filarial nematodes contain Wolbachia-like DNA in their nuclear genomes. HGT from
bacteria may be a relatively common phenomenon in nematode phylogeny. As previously
mentioned, Wolbachia have inserted DNA in the nuclear genomes of endosymbiontdependent filarial nematode hosts [7]. In these cases, the source of the transfer is obvious
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because the mutualistic relationship between the two organisms has been maintained, but
the functions of the inserted sequences are still unknown. The converse situation exists in
plant parasitic nematodes. Cellulase enzymes that support plant parasitism were probably
obtained from bacteria via HGT [31,32]. These cellulase genes show a high degree of
homology to genes from a wide range of bacterial species. The exact source of the
transferred DNA is difficult to pinpoint because the relationship between the DNA donor
and recipient has not been maintained. The case of A. viteae and O. flexuosa is special
because the relationship with the DNA donor has not been maintained, but the donor can
be easily identified by BLAST homology and by the presence of Wolbachia in most
filarial species. Future studies will generate a comprehensive list of transferred fragments
in several Wolbachia-free filarial species. This information may identify key genes and
pathways that explain the fascinating and medically important symbiotic relationship
between filarial worms and Wolbachia endobacteria.
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MATERIALS AND METHODS
1. Parasite material and DNA isolation
Adult O. flexuosa worms were collected from red deer (Cervus elaphus) in Germany
(Schleswig-Holstein). Adult worms were dissected from nodules collected from freshly
shot deer [13]. Adult A. viteae and B. malayi were obtained from experimentally infected
Mongolian gerbils as previously described [33,34]. DNA was isolated from adult worms
using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA).
2. Library construction, sequencing and BLAST analysis
A fragment library was created from 15 µg of A. viteae DNA. Two runs on a Genome
Sequencer FLX (454 Life Sciences/Roche Diagnostics, Branford, CT) using standard
FLX chemistry generated 768,909 reads and a total of 181 Mbp of sequence. Sff files
were deposited in the NCBI short read archive (SRX001994). Newbler 1.1.03.24
assembled reads into 68,805 contigs containing ~31 Mbp of sequence using default
parameters. The largest contig was 6.7 kbp and the average size was 0.9 kbp. Contigs
were analyzed by BLASTN against the Genbank nucleotide collection (nt) and by
BLASTX against the Genbank non-redundant protein database (nr) using NCBI
BLASTALL to identify regions with a top hit to Wolbachia with an e-value less than 1 x
10-5. This cutoff was used for all BLAST searches. All A. viteae contigs larger than 600
bp were also split into smaller fragments (optimal maximum and minimum were set to
600 and 300 bp, respectively) using a custom Perl script and re-analyzed by BLASTN
(nt_05292009) and BLASTX (nr_05292009) to ensure that all Wolbachia homologs were
identified despite strong homology to different genes/proteins in other regions of the
sequence. Contigs of interest were PCR amplified and cloned using the TOPO TA
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Cloning Kit for Sequencing or the TOPO-XL PCR Cloning Kit (Invitrogen, Carlsbad,
CA, USA), and sequenced for verification. Sequences are posted on the Whole Genome
Shotgun FTP site on Nematode.net (www.nematode.net/FTP/index.php).
O. flexuosa paired-end genomic DNA libraries were constructed as previously
described [35] using 5.0 µg of DNA. One run on a Genome Sequencer FLX using
standard FLX chemistry produced 516,745 reads containing 135 Mbp of sequence
including adapter sequences. Sff files were deposited in the NCBI short read archive
(SRX015550). A custom Perl script was designed for removal of the 44 bp adapter and
separation of the paired end (PE) sequences which were then analyzed by BLASTX
(nr_05292009) and BLASTN (nt_05292009). Complete, unsorted reads were also
analyzed by BLASTX (nr_09182007) and BLASTN (nt_04062009) using WU-BLAST
2.0. 137 reads containing Wolbachia-like sequences were identified. Read sequences
were used to amplify larger portions of the O. flexuosa genome. After sequencing the
larger genomic fragments, redundant/overlapping fragments were collapsed using Contig
Express (Invitrogen). This produced 42 large fragments (those amplified using primers
matching to PE sequences) ranging in size from 1124 to 7725 bp with an average size of
3028±1386 bp and 50 smaller sequences (those representing assembled or unassembled
portions of a PE read) ranging in size from 55 to 548 bp with an average size of 243±83
bp. All fragments sequences are posted on the Data FTP page of Nematode.net.
3. Assessment of COG functional roles and mapping to the genome of the
Wolbachia endosymbiont of B. malayi
Wolbachia-like sequences were compared against the genome of the Wolbachia
endosymbiont strain TRS of B. malayi (wBm) using BLASTN, and the locus tag of the
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top hit was recorded. The Wolbachia-like sequence was assigned to the same COG
functional category as its wBm homolog as reported in NCBI Entrez. The Open Source
Python (http://www.python.org/) library ReportLab
(http://www.reportlab.com/software/opensource/rl-toolkit/) was used to generate a figure
that marks the position of the homologous locus. Tick marks represent the midpoint of
the coordinates for each locus tag as extracted from the GenBank data file for the wBm
genome (NC_006833).
4. RNA isolation, cDNA synthesis and qRT-PCR
Adult worms were homogenized in 1mL Trizol (Invitrogen), and RNA was isolated
using organic extraction followed by column purification using an RNeasy Mini Kit
(Qiagen) including the on-column DNase digest. A second DNase treatment was
performed using Ambion’s DNA-free DNase kit (Applied Biosystems, Austin, TX,
USA). rRNA was depleted using the RiboMinus Eukaryote Kit for RNA-Seq
(Invitrogen). Samples were tested for DNA contamination by conventional PCR using 35
cycles to ensure that no products were amplified. cDNA was made from 500ng mRNA
using qScript cDNA super mix (Quanta Biosciences, Gaithersburg, MD, USA).
Conventional PCR assays using primers designed to span introns were used to test for
DNA contamination again. Intron-spanning primer sequences are provided in Table S6.
These target sequences from O. flexuosa with homology to hypothetical proteins in B.
malayi that were readily amplifiable from O. flexuosa genomic and cDNA. Only Of_IC 1
worked well with A. viteae mRNA, which was also rigorously tested with wAv primers
used in this study prior to cDNA synthesis (see Table S6). Specific Wolbachia sequences
were detected in cDNA by SybrGreen qRT-PCR using PerfeCTa SYBR Green FastMix,
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ROX (Quanta Biosciences). Primer sequences are reported in Table S6. Reactions were
done in duplicate to ensure accuracy, and all qRT-PCR experiments included a 10 ng
DNA positive control, 10 – 0.1 ng ten-fold dilutions of cDNA, and a 10 ng RNA negative
control. Dissociation curves were examined to rule out non-specific amplification, and all
products were assessed by agarose gel electrophoresis. Sequences were reported as
expressed at the transcript level when signal for the 0.1ng cDNA template crossed the
cycle threshold at least 3 cycles before the mRNA negative control.
5. In situ hybridization
Adult B. malayi and A. viteae worms and O. flexuosa nodules were fixed for 24-72 h
in DEPC-treated 4% buffered formaldehyde and embedded in paraffin using standard
histological procedures. Two sequences were amplified from O. flexuosa cDNA and
cloned into a dual promoter PCRII plasmid (Invitrogen). Primer sequences are reported in
Table S6. After linearization of the plasmid, biotinylated antisense probes and sense
negative controls were prepared with Ambion Megascript T7 and Sp6 high yield
transcription kits (Applied Biosystems). Following DNase digestion (Roche,
Indianapolis, IN, USA), probes were concentrated by ethanol precipitation, re-suspended
in DEPC-treated water, and stored at -20°C. Sections (5 "m) were deparaffinized,
digested with pepsin HCl for 7 min, and hybridized at 37°C overnight in a humid
chamber with 1µg of RNA probe in hybridization buffer (50% formamide, 5XSSC, 0.3
mg/ml yeast tRNA, 100 µg/ml heparin, 1X Denhardts Solution, 0.1% Tween 20, 0.1%
CHAPS and 5mM EDTA). A stringency wash was performed at 60°C for 30 min, and
detection was performed using the ‘In situ Hybridization Detection System’ (K0601,
DakoCytomation, Hamburg, Germany). Sections were incubated for 20 min with
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streptavidin-AP conjugate at room temperature. BCIP/NBT substrate solution was used
for 10-30 min to visualize the RNA target. Sections were examined using an OlympusBX40 microscope (Olympus, Tokyo, Japan) and photographed with an Olympus DP70
microscope digital camera.
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FIGURES

Figure 1: Mapping of transferred fragments to a sequenced Wolbachia genome. Black
circle represents the 1.1 Mbp genome of the Wolbachia endosymbiont of B. malayi. Tick
marks in the colored outer rings indicate where a transferred DNA fragment found in the
indicated species would align to the Wolbachia genome. Fragments found in the B.
malayi genome were previously described by Dunning Hotopp et al. [7].
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Figure 2: Schematic of genomic DNA fragments containing Wolbachia homologs. The
exact annotation and coordinates of each of the homologs depicted can be found in
Tables S1 and S2. Blue blocks represent regions of homology to nematode sequences
while red blocks represent regions homologous to Wolbachia sequences. Horizontal
arrows represent inverted repeats in the DNA sequence. Inverted repeat segments in Of70
share 88% identity with one another while the repeated segments in Of71 share 82.8%
identity.
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Figure 3: In situ hybridization of adult filarial worms. A-H are stained with probes made
from an O. flexuosa sequence with homology to Wolbachia 2- methylthioadenine
synthase (2-MAS, wOf53). A, C, E and G are stained with the sense probe (negative
control), while B, D, F and H show matching consecutive sections stained with the
antisense probes. 2-MAS probe labels lateral cords, intrauterine stretched microfilaria and
uterine and intestinal epithelium of female B. malayi (B), the oocytes and uterus of
female A. viteae (D), the spermatogonia in the periphery of the testes of male A. viteae
(F), and lateral chords and different stages of sperm development in the testes of male O.
flexuosa (H). I-L are stained with probes made from an O. flexuosa sequence with
homology to Wolbachia DNA polymerase I (pol I, wOf88). I and K are stained with
sense probes (negative control) while H and L are the matching consecutive sections
stained with antisense probes. pol I probe labels ovaries and granular structures
resembling Wolbachia (arrows) in the lateral chords of female B. malayi (J) and oocytes
in female A. viteae (L). Abbreviations: m, musculature; i, intestine; lc, lateral chord; cu,
cuticle; hy, hypodermis; t, testes; ut, uterus; ov, ovary. Scale bar 40 µm.
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TABLES
Table 1: Identification of Wolbachia-like sequences.
Species

Library Setup

Fragments with
Wolbachia
Average %ID of Average length of Fragments with
Wolbachia-like
Homologs
Wolbachia
Wolbachia
Junctions*
sequences
homologs
homologs
O. flexuosa
Paired end
92
114
32
78!6%
158.9!82.6 bp
A. viteae
Fragment
45
49
14
81!6%
173.6!191.8 bp
*Fragments with junctions are defined as continuous pieces of DNA that contain sequences homologous to both Wolbachia and
nematode genes.
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Table 2: Wolbachia homologs found in multiple species. Wolbachia inserts in the nuclear genome of B. malayi were described
previously [7]. Shared homologs were identified by alignment to Wolbachia sequences with the same locus tag by BLASTN. Presence
of sequences in the nuclear genome or among transcripts (+), lack of expression at RNA level (-), and an inability to test for
expression (n/a) are noted.

Annotation
rod shape-determining protein RodA
4-Hydroxy-3-methylbut-2-enyl diphosphate
reductase, IspH
ATP-binding subunit of Clp protease and
DnaK/DnaJ chaperones
methionyl-tRNA synthetase
ribosomal large subunit pseudouridine synthase C,
putative
ribosomal protein L27
DNA-directed RNA polymerase, beta/beta' subunits
valyl-tRNA synthetase
type IV secretion system protein VirB4, putative
ATP-dependent Zn protease, HflB
dimethyladenosine transferase
DNA polymerase III, beta subunit
cell cycle protein (ftsZ) gene
DNA polymerase III, gamma/tau subunit
IMP dehydrogenase, GuaB
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A. viteae
O. flexuosa B. malayi
DNA RNA DNA RNA
DNA
+
+
+
+

-

+

+

+
+

+
-

+
+

+
+

+
+
+

+
+
+

+
+
+
+
+
+
+
+
+

+
n/a
+
+
n/a
+

+
+

+
+

+
+
+
+
+
+
+
+

Table 3: Assignment of Wolbachia-like sequences to COG functional categories. Wolbachia homologs in A. viteae and O. flexuosa
were identified based on BLAST homology. The Wolbachia-like sequences were assigned to the same category their wBm orthologs.
O. flexuosa
A. viteae
wBm
# loci % of total # loci % of total # loci % of total

Description
Information Storage and Processing
Translation
Transcription
Replication, recombination and repair
Cellular Processes
Cell cycle control, mitosis and meiosis
Defense mechanisms
Signal transduction mechanisms
Cell wall/membrane biogenesis
Cell motility
Intracellular trafficking and secretion
Posttranslational modification, protein turnover, chaperones
Metabolism
Energy production and conversion
Carbohydrate transport and metabolism
Amino acid transport and metabolism
Nucleotide transport and metabolism
Coenzyme transport and metabolism
Lipid transport and metabolism
Inorganic ion transport and metabolism
Secondary metabolites biosynthesis, transport and catabolism
Poorly Characterized
General function prediction only
Function unknown
Not in COGs
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15
3
7

13.2%
2.6%
6.1%

10
2
6

20.4%
4.1%
12.2%

121
18
54

15.0%
2.2%
6.7%

3
0
2
6
0
7
8

2.6%
0.0%
1.8%
5.3%
0.0%
6.1%
7.0%

2
0
0
3
0
0
1

4.1%
0.0%
0.0%
6.1%
0.0%
0.0%
2.0%

9
2
10
33
1
29
51

1.1%
0.2%
1.2%
4.1%
0.1%
3.6%
6.3%

10
1
10
8
2
5
5
1

8.8%
0.9%
8.8%
7.0%
1.8%
4.4%
4.4%
0.9%

3
3
5
2
3
2
0
0

6.1%
6.1%
10.2%
4.1%
6.1%
4.1%
0.0%
0.0%

68
24
38
37
33
26
35
11

8.4%
3.0%
4.7%
4.6%
4.1%
3.2%
4.3%
1.4%

6
5
8

5.3%
4.4%
7.0%

3
1
1

6.1%
2.0%
2.0%

63
31
176

7.8%
3.9%
21.9%

Total
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114

96

49

805

See the supplementary data CD for the following tables:
Table S1: BLASTN annotation of Acanthocheilonema viteae genomic DNA fragments.
Table S2: BLASTN annotation of Onchocerca flexuosa genomic DNA fragments.
Table S3: BLASTX annotation of Acanthocheilonema viteae genomic DNA fragments.
Table S4: BLASTX annotation of Onchocerca flexuosa genomic DNA fragments.
Table S5: Results of qRT-PCR expression studies and presence of potential open reading
frames.
Table S6: SYBR green qRT-PCR and RNA in situ hybridization probe primers.
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ABSTRACT
While many filarial nematode species depend on Wolbachia endobacteria to carry
out their lifecycle, others are naturally Wolbachia-free. Comparing the gene content and
expression of closely related Wolbachia-dependent and independent filarial nematodes
may help to explain this paradox. To address the relative paucity of molecular
information on Wolbachia-free filarial parasites, we performed a tandem analysis of the
transcriptome and proteome of the Wolbachia-free species Onchocerca flexuosa.
Roche/454 sequencing of an O. flexuosa cDNA library produced 16,814 isogroups and
47,252 singletons. 1,803 proteins were identified from worm lysate by mass spectrometry
using a comparative database containing transcript translations and proteins from related
species. Computationally predicted and experimentally verified proteins were classified
at the domain and pathway levels. Many Wolbachia-like sequences were found among
the transcripts, and two Wolbachia-like proteins were detected by mass spectrometry.
Antibodies against one of the Wolbachia-like proteins labeled a single 38kDa band on
Western blots of O. flexuosa lysate and labeled specific worm tissues by
immunohistology. Our study has expanded the volume of sequence and proteomic data
available from O. flexuosa and has provided the first evidence of protein-level expression
of a Wolbachia-like gene in a Wolbachia-free filarial nematode. Future studies will be
required to determine the exact functions of Wolbachia-like proteins in O. flexuosa and to
assess their roles in worm biology.
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INTRODUCTION
Filarial nematodes are medically and economically important parasites that infect
humans and animals across the globe. Due to their significant impact on human health, a
global effort is underway to eliminate lymphatic filariaisis (LF) and to control
onchocerciasis [1,2]. The anthelminthic drugs employed in these programs kill larval
parasites and temporarily sterilize adult worms. Therefore, periodic treatments must be
repeated over the reproductive lifespan of the worms (>5 years for lymphatic filariasis
and >10 years for onchocerchiasis) in order to eliminate the infection from endemic
areas. Macrofilaricidal drugs would greatly increase the efficiency of parasite eradication.
Wolbachia endobacteria are necessary for the survival and reproduction of many
filarial species [3,4] and are a practical target for antifilarial drugs [5]. Antibiotics that are
effective against Wolbachia (e.g., tetracycline or doxycycline) can be used to treat human
filarial infections like LF and onchocerciasis [3,6,7,8], but they are not ideal for mass
drug administration regimes because of the long treatment courses required and
contraindications to their use in children. Antibiotics designed to impact the specific
bacterial pathways or processes necessary for worm survival might be more effective.
Unfortunately, the mechanistic details of the worm-bacteria interdependence that might
pinpoint appropriate target pathways or processes are poorly understood.
Not all filarial nematodes are Wolbachia-dependent [9,10]. Clearly, these Wolbachiafree species must possess some “enhanced” function(s) in relation to their Wolbachiadependent counterparts. The genomes and proteomes of Brugia malayi and its Wolbachia
endosymbiont have provided some insight into the processes mediated by each partner in
this symbiotic relationship [11,12,13]. It would be informative to compare this
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information with similar data collected from closely related, Wolbachia-free counterpart.
Genes encoded by Wolbachia and by Wolbachia-free worms but not by Wolbachiadependent worms may be critical to understanding the mutualistic interaction(s) between
these obligate endosymbionts and their worm hosts.
Horizontal gene transfer (HGT) from Wolbachia to the invertebrate host is a wellknown driver of genome evolution in insects and Wolbachia-dependent filarial
nematodes [14]. Genomic surveys of two Wolbachia-free species Acanthocheilonema
viteae and Onchocerca flexuosa, uncovered evidence of HGT from Wolbachia, indicating
that these species must have been colonized in the distant past [15]. Transferred
Wolbachia genes or gene fragments may contribute critical functions that allow these
worms to live without endosymbionts. However, the extent and consequences of this
trans-domain HGT have not been fully explored.
Here we report the results of a survey of the transcriptome and proteome of O.
flexuosa, a Wolbachia-free parasite of European red deer [16]. Among the 16,814
isogroups and 47,252 singleton transcripts identified in this study, 62 isogroups and 51
singletons showed homology to Wolbachia proteins. A total of 1,803 proteins were
identified in our shotgun proteomic analysis; two of these may be derived from
horizontally transferred Wolbachia genes. Polyclonal antibodies raised against one of the
Wolbachia-like peptides label a single 38 kDa band on Western blots of adult worm
lysate and stain specific worm tissues by immunohistology. Future studies will be
required to determine the exact role of this and other Wolbachia-like proteins in
Wolbachia-free filarial nematodes.
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RESULTS
Transcriptome sequencing, assembly, and quality assessment
A total of 1,334,767 reads were generated from an adult stage, poly(A) selected,
normalized O. flexuosa cDNA library by Roche/454 sequencing and assembled with
2,124 conventional ESTs that were already available in the NCBI EST database. A
cDNA-specific protocol was used to assemble sequences in order to account for
alternative splicing. The hybrid assembly yielded 16,814 isogroups (putative genes)
containing 25,222 isotigs (alternatively spliced isoforms) and 47,252 singletons (Table
1). Isotig sequences were deposited in the GenBank transcriptome shotgun assembly
database under BioProject number 62565 (accession numbers JI459010-JI484230). All
sequences used in subsequent analyses, including singletons, are available at
Nematode.net [17].
Using the single-copy conserved eukaryotic genes (CEGs) as a reference [18,19], the
completeness of the O. flexuosa transcriptome was estimated at approximately 41%, as
101 of the 248 CEG’s were identified from the isotigs and singletons. Fragmentation,
defined as non-overlapping contigs representing the same gene/transcript, was estimated
at 32% or 25% by comparison with B. malayi and C. elegans protein sequences,
respectively.
23.5% of the isogroups derived from the O. flexuosa transcriptome contained more
than one isotig, an indication that alternative splicing (AS) is common in this parasite.
Among AS isogroups, there was an average of 3.1 isotigs per isogroup. For comparison,
nearly 25% of C. elegans genes are thought to undergo some form of AS (e.g., tissue, sex
or stage-specific) with an average of two isoforms per AS gene [20].
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Annotation of the O. flexuosa transcriptome
59.6% of the isogroups (67.2% of isotigs) and 34.6% of the singletons shared
homology with known proteins (Table 2). 6,619 of the 16,814 isogroups (39.4%) were
matched to homologs in the non-redundant protein database (nr) by BLASTX. Not
surprisingly, more than 95% of these matches were to proteins from B. malayi and C.
elegans. 32.0% of the 21,252 B. malayi protein sequences and 11.0% of the 24,599 C.
elegans protein sequences available from WormBase have putative orthologs in our O.
flexuosa transcriptome (Table 2). The average percent identity between high scoring
segment pairs was 80.7% with B. malayi proteins and 70.0% with C. elegans proteins.
A total of 68,402 unique peptide translations (available at Nematode.net) were
obtained from 16,807 isogroups (25,205 isotigs) and 47,252 singletons (Table 1).
Translations from 3,853 isogroups and 2,121 singletons share sequence similarity with
2,804 unique InterPro domains. The most abundant domains were collagen triple helix
repeats, kinase domains, and WD40 related domains (Table 3).
Translations from 5,159 isogroups and singletons were assigned to 2,049 unique
KEGG orthologous (KO) groups, which were further binned into pathway categories
(Table 4) and modules (Table S1). “Folding, sorting and degradation”, “transcription,
replication and repair”, and “signal transduction” were among the most heavily
represented categories in this analysis. Genes related to the de novo synthesis of
riboflavin, heme and nucleotides are missing from the nuclear genome of B. malayi but
present in the genome of its Wolbachia endosymbiont. Therefore, it has been suggested
that B. malayi may rely on Wolbachia as a source of these substances. We identified
pathway modules related to these processes (highlighted in Table 5). More sequences
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related to uridine monophosphate and inosine monophosphate biosynthesis (required for
the de novo synthesis of purines and pyrimidines, respectively) were identified from O.
flexuosa transcripts than from the nearly complete genome of B. malayi, although several
enzymes involved in these pathways have yet to be identified.

Analysis of the O. flexuosa proteome
Adult worm lysate was subjected to shotgun proteomic analysis in order to
characterize the O. flexuosa proteome. Using this method, peptides are identified by
matching experimentally obtained mass spectra to protein sequences from the organism
of interest. The O. flexuosa genome has not been sequenced, so we compiled a custom
database for comparison with mass spectrometry (MS) data. Our database contained the
peptide translations from the O. flexuosa transcriptome and all known proteins related to
the phylum Nematoda and the genus Wolbachia. The interrogation of this database
resulted in the successful characterization of 8,537 unique peptides that mapped to 2,685
database sequences. Matches were further grouped into 1,803 proteins (Table S2). Of the
1,803 proteins, 673 matched O. flexuosa peptide translations, 1,077 matched homologous
sequences from other organisms, and 53 matched both. As expected, sequences from Loa
loa and B. malayi were the most informative in identifying O. flexuosa peptides (Fig. 1).
Database entries identified by MS are available at Nematode.net [17].
1,573 of the 1,803 protein groups identified by MS share homology with 1,516
InterPro domains. Thioredoxin folds, concanavalin A-like lectin/glucanase domains and
immunoglobulin fold domains were among the most abundant (Table 3). 608 proteins
were associated with 446 unique KO groups, which were binned into pathway categories
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(Table 4) and modules (Table S1). “Folding, sorting and degradation”, “translation”,
“energy metabolism” and “carbohydrate metabolism” were among the most heavily
represented categories. Little representation was seen in the highlighted pathway modules
(Table 5).

Horizontal gene transfer from Wolbachia into the O. flexuosa genome
Regions of 62 isogroups (73 isotigs) and 36 singletons share homology with
Wolbachia proteins (Table 2 and Table S3). 17 of these isogroups (23 isotigs) and 3 of
the singletons also contain regions homologous to nematode genes. The Wolbachia-like
sequences range in size from 62-308 bp and represent fragments of 97 unique Wolbachia
proteins. 43 of the Wolbachia genes with homologs in the transcriptome are from filarial
Wolbachia strains while the remaining 54 are from insect Wolbachia strains. 11 of the 97
Wolbachia genes with homologs in the O. flexuosa transcriptome have homologs in
previously reported O. flexuosa genomic sequences; qRT-PCR studies had already shown
that 7 of these sequences are expressed at the RNA level [15].
While many of the Wolbachia-like sequences contain stop codons and frameshift
mutations, 62 peptide translations from 34 isogroups (36 isotigs) and 27 singletons show
homology to Wolbachia proteins. These translations range in size from 38-216 aa with an
average of 65.8±37.3 aa and appear to have diverse functions. The Wolbachia-like
peptides from 58 isogroups and singletons could be assigned to 41 unique KO groups; the
KO groups were binned into 26 pathway modules, all of which are sparsely populated
(Table S4). Represented pathway modules include inosine monophosphate biosynthesis,
uridine monophosphate biosynthesis and heme biosynthesis (Table 5).
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Although none of the Wolbachia-like peptides predicted from the O. flexuosa
transcriptome were identified by MS, experimentally detected peptides were matched to
two Wolbachia proteins from our comparative database (see MS proteins 1591 and 1637,
Table 6 and Table S2). A 23aa peptide found in two separate charge states mapped to a
lipoprotein releasing system transmembrane protein, LolC, that is present in several
insect Wolbachia strains. Two peptides, one 17aa and one 9aa, mapped to an HlyD
family secretion protein from the Wolbachia endosymbiont of Culex quinquefasciatus.
Thus far, we have not identified any genome or transcript sequence capable of producing
these peptides in O. flexuosa. !
!
Confirmation of Wolbachia-like proteins using peptide antibodies
Polyclonal antibodies raised against the a peptide from MS protein 1591, the putative
LolC homolog, detect a single band at 38 kDa in O. flexuosa adult worm lysate by
Western blot (Fig. 2). Total IgG purified from pre-immune serum or an antibody against
the keyhole limpit hemocyanin (KLH) carrier protein did not react with any proteins in
this size range. The same antibodies were used in immunohistological studies to localize
this protein in O. flexuosa worms (Fig. 3). Similar to the pre-immune total IgG (not
shown), antibodies against KLH showed no specific staining in O. flexuosa (Fig. 3A). In
contrast, the LolC antibody produced intense staining in fibrillar portions of the somatic
muscles of adult male (Fig. 3B) and young female (Fig. 3C, D) worms. Older females
have less pronounced somatic musculature and show weaker labeling; however, staining
is seen in the uterine muscles (Fig. 3C, D, F) and in coiled and stretched microfilaria
(Fig. 3F, G) within the uteri. Distinct staining is also seen in the membrane of the
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excretory cell (Fig. 3D, E). Sequences homologous to LolC were identified from the
genome of the Wolbachia endosymbiont of B. malayi and used to make RNA probes for
in situ hybridization since corresponding sequences have not yet been identified from O.
flexuosa. In situ hybridization studies indicate that the LolC RNA may be produced in the
lateral chords (Fig. 3I, J, K), the hypodermis (Fig. 3K), developing sperm (Fig. 3I), uteri
(Fig. 3K) and intestine (Fig. 3K).!
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DISCUSSION
Research on filarial nematodes has predominantly focused on Wolbachia-dependent
species that parasitize humans or domestic animals. Wolbachia-free species have
historically been overlooked since most are animal parasites without economic or
medical importance. However, genetic characterization of Wolbachia-free species will
lead to a better understanding of filarial biology and may provide insight into the reasons
that some species are able to survive in the absence of Wolbachia while others cannot.
In this study, we chose to focus on the transcriptome rather than the genome of O.
flexuosa as a cost-effective method for exploring the genetic complement of a
Wolbachia-free filarial parasite. The production of 16,814 isogroups and 47,252 highquality singletons represents a significant increase in the data available for this species, as
only 2,124 ESTs were previously available. Our estimates of completeness suggest that
this dataset may represent as many as 41% of the genes encoded by the O. flexuosa
genome. For comparison, 93% of CEGs were identified from Ancylostoma caninum
transcripts in a recent study, but only after sequencing four different life cycle stages
[21]. O. flexuosa nodules generally contain one or a few large adult female worms and
their developing embryos along with the occasional male [16]. While it is likely that our
cDNA library, derived from the contents of two nodules, contains some diversity (i.e.
adult females and males of different ages, embryos and MF in various developmental
stages), it is heavily biased towards transcripts expressed in adult females. It will be
necessary to analyze male parasites as well as other life cycle stages, particularly those
found in the insect vector, in order to discover more genes through transcriptome
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sequencing. Considering the fact that O. flexuosa is a wild-caught species that cannot be
maintained in the lab, this material may be difficult to obtain.
Important biological information can be inferred from transcriptome data; however, it
is the proteome, not the transcriptome, which mediates cellular function. Unfortunately,
shotgun proteomic analyses are only informative if sequences from the organism of
interest are available so that MS peptides can be characterized by comparison. Sequences
from closely related organisms can be used when genomic data are unavailable, but only
highly conserved sequences will be informative [22,23,24]. Transcriptome data can also
be used in lieu of genome sequences [23,25], but transcriptome datasets tend to be
incomplete, heavily fragmented, and poorly annotated. Our combined approach, using
both orthologous sequences and transcriptome data, resulted in the identification of 1,803
proteins. In this instance, sequence conservation between O. flexuosa and other filarial
species allowed for a high rate of cross-species matches (~60% of matches). Previous
studies have shown that very few peptides will match exactly given an overall sequence
identity less than 70% [26,27]; therefore, it is not surprising that relatively few matches
were made to C. elegans sequences given that O. flexuosa and C. elegans HSPs shared an
average of 70.0% identity. The higher rates of identity shared between O. flexuosa and B.
malayi (80.7%) allowed for a greater number of matches.
In this study, peptide translations and experimentally verified proteins were classified
based on the presence of conserved protein domains and by comparison with the KEGG
database. The most common functional domains among O. flexuosa predicted proteins
(collagen repeats, kinase domains and WD40 repeat domains) are also common among
the transcriptomes of other parasitic nematodes, including Trichostrongylus
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colubriformis, Ostertagia ostertagi and Necator americanus [28,29,30] and the proteome
of B. malayi [13]. Thioredoxin-like folds, motifs common among proteins that catalyze
the formation and/or isomerization of disulfide bonds, were the most commonly
identified domains among experimentally verified proteins. Immunohistological studies
have shown that thioredoxin peroxidase is abundant in the body wall, uterus and intestine
of adult worms and on the surface of MF [31]. Antioxidant proteins like these may be
required in abundance to resist reactive oxygen species produced by host granulocytes
and macrophages present in O. flexuosa nodule tissue [16]. The discrepancies seen
domains predicted from the transcriptome and proteome may be a result of differences in
expression at the RNA and protein levels or they may be due to variance between the
nodules (e.g. age of worms, number of males and females, embryo/MF content, etc) used
in the transcriptomic and proteomic studies.
Using KEGG pathway modules, we investigated several biochemical pathways that
are present in the Wolbachia endosymbiont of B. malayi but absent in B. malayi
[11,12,32], including those related to the de novo synthesis of heme, riboflavin, purines
and pyrimidines. Wolbachia-dependent filaria may use Wolbachia as a source for one or
more of these substances. If this were true, a Wolbachia-free worm like O. flexuosa
would need to synthesize these substances directly or obtain them from an alternative
source (e.g. the mammalian host instead of the bacterial endosymbiont). While our
present dataset provides little evidence to support this hypothesis with respect to heme or
riboflavin, it is interesting that the partial transcriptome of O. flexuosa contains several
sequences related to nucleotide synthesis (Table 5). Future studies will be required to
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determine if O. flexuosa encodes complete and functional pathways for the synthesis of
purines and pyrimidines.
In addition to providing a general survey of the transcriptome and proteome of O.
flexuosa, another major goal of this project was to look for expressed Wolbachia-like
genes or gene fragments. Indeed, many Wolbachia-like sequences were found among the
O. flexuosa transcripts. Only a few of these were identified in a prior survey of the O.
flexuosa genome even though 56 of the Wolbachia-like sequences found in the genome
appeared to be expressed based on qRT-PCR studies [15]. This disparity may be due to
variation in the wild caught samples used in the two studies, differences in detection
sensitivity between qRT-PCR and 454 sequencing, or the use of poly(A) selected RNA in
the present study versus total RNA in the previous study.
Regardless of the exact Wolbachia genes represented, many similarities exist between
the Wolbachia-like sequences identified in the genome and transcriptome surveys (see
[15] and Table S3). Sequences from both studies share homology with genes from both
insect and filarial Wolbachia strains. While some of the sequences fall within
computationally predicted open reading frames, others are disrupted by stop codons and
frameshift mutations despite being expressed at the RNA level. As in the previous study
[15], we detect no overall theme in the predicted functions of Wolbachia-like sequences
based on comparison with the KEGG database. It is likely that biochemical themes will
not emerge until a draft of the O. flexuosa has been generated. However, it is reasonable
to assume that Wolbachia-like sequences that have been maintained over the course of
time and are expressed as RNAs and/or proteins may have an important functions.
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We have not yet identified a full-length, uninterrupted Wolbachia-like gene in O.
flexuosa. This may be due to technical issues (e.g., insufficient coverage, fragmentation,
etc.). However, finding Wolbachia-like and nematode like sequences on the same
transcripts suggests that the Wolbachia-like sequences may serve as functional domains
that alter or enhance the function of existing nematode genes. Many proteins are made up
of multiple domains whose autonomous functions contribute to the overall function of the
protein as a whole, and recent studies have suggested that domains rather than whole
proteins might be common units of horizontal transfer [33].
Our prediction that Wolbachia-like sequences play a role in the biology of O. flexuosa
was strengthened by the finding that two Wolbachia-like sequences were expressed at the
protein level. Putative homologs of Wolbachia HlyD and LolC were identified in adult
worm lysate by MS, and the expression of the putative LolC homolog was verified using
polyclonal antibodies against the MS peptide. Neither of these proteins has been studied
in Wolbachia, but both are related to ABC transport in Escherichia coli and other
bacteria. HlyD is a transenvelope component of the hemolysin secretion system
responsible for carrying alpha-hemolysin through the periplasmic space [34]. LolC is an
integral membrane component of the LolCDE complex, a transporter that shuttles
lipoproteins to the outer membrane [35]. ABC transporters are common to both
prokaryotes and eukaryotes. Thirty-three ABC transport proteins have been identified in
B. malayi [36]. They interact with a diverse array of substrates, and they may play a role
in drug resistance in filarial nematodes [37,38,39,40]. Regardless, the exact functions of
HlyD and LolC in O. flexuosa remain to be seen.

!

113

!
We hypothesize that technical issues may have limited our ability to detect more
Wolbachia-like proteins. Two main issues hindered our proteomic search: the suboptimal
comparative database (discussed previously) and the complexity of our analyzed sample.
Even in infected worms, Wolbachia proteins can be difficult to detect given that they
represent such a small fraction of a worm’s total body mass. Despite the thorough
analysis of several life cycle stages of B. malayi, Bennuru et al. only detected ~70% of
the proteins encoded by its Wolbachia endosymbiont, and many of these identifications
were based on single peptides [13]. Detection of Wolbachia proteins from both infected
and uninfected filarial species might benefit from a more directed approach, as certain
tissues (i.e. lateral chords, ovaries, developing sperm) or life cycle stages (i.e. adolescent
worms) may express these genes to a higher degree than others (see [15,41] and Fig. 3).
Analyses of isolated tissues might lead to a higher identification rates.
Our immunohistological and in situ hybridization studies revealed interesting, tissuespecific patterns of expression. To date, three Wolbachia like transcripts (homologs of 2methylthioadenine synthase and DNA polymerase I described in [15] and LolC shown in
Fig. 3) have been localized, and all three exhibit very similar expression patterns. Probes
against the corresponding RNAs stained tissues that would typically harbor Wolbachia in
an infected species [9,41]. However, the putative LolC homolog was mainly localized to
fibrillar portions of the muscles. mRNAs and their corresponding proteins are generally
found in the same tissue, but there are precedents for disparate localization. A classic
example is a microfilarial sheath protein that is expressed in the uterine epithelium and
deposited onto developing microfilaria [42,43]. It is possible that proteins manufactured
by Wolbachia within infected tissues are exported for use in other locations in the
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Wolbachia-dependent worm. Our results suggest that tissues known to harbor Wolbachia
in infected worms (i.e., lateral chords and reproductive organs) may also be responsible
for the production of Wolbachia-like products in Wolbachia-free worms, despite the
transport of these products to other tissues. This special function of lateral chord and
reproductive tissue may be vital in the worm’s ability to molt and reproduce,
respectively.
This study has provided new information on the transcriptome and proteome of O.
flexuosa and additional evidence of the expression of Wolbachia-like genes in an
endosymbiont-free filarial species. Our proteomic analysis also provided the first proof
that horizontally transferred Wolbachia genes are expressed at the protein level.
Additional studies will be needed to determine the role(s) of Wolbachia-like proteins in
Wolbachia-free filarial nematodes.

!

115

!
MATERIALS AND METHODS
Parasite material
Adult O. flexuosa worms were collected from European red deer (Cervus elaphus) in
northern Germany (Schleswig-Holstein) as previously described [16]. Nodules were
removed from the skins of freshly shot deer and frozen at -80#C for use in proteomic
studies or fixed in 4% buffered formalin, embedded in paraffin and sectioned according
to standard histological technique for use in in situ hybridization or immunohistology.
Worms used for RNA extraction were dissected from fresh nodules and stored in TRIzol
(Invitogen, Carlsbad, CA, USA) at -80#C.
Adult B. malayi were obtained from experimentally infected Mongolian gerbils as
previously described [44]. Worms were stored at -80#C prior to use.

RNA Isolation, library construction and 454 sequencing
Total RNA was isolated from O. flexuosa worm fragments, DNase treated and tested
for DNA contamination as previously described [15]. RNA yield and integrity were
assessed using a NanoDrop ND-1000 UV-VIS spectrophotometer (NanoDrop
Technologies, Wilmington, DE) and a Bioanalyzer 2100 (Agilent Technologies, Cedar
Creek, TX), respectively. Full-length cDNA was generated from 1.0"g total RNA using
an optimized 27-cycle protocol with the Accuscript HF Reverse Transcriptase Kit
(Agilent) and SMART primers (Invitrogen). The resulting cDNA library was normalized
with the Trimmer kit (Evrogen, San Diego, CA) and amplified over 14 cycles using
SMART primers (Invitrogen) and Clontech Advantage-HF 2 polymerase
(Clontech/Takara Bio, CA). 300-800bp fragments were selected using AMPure
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paramagnetic beads (Agencourt, Beckman Coulter Genomics, Beverly, MA) following
removal of 3’ and 5’ adaptors by restriction digest and processed using the Titanium
General Library Kit (Roche, Branford, CT). Sequencing was performed on the Genome
Sequencer 454 Titanium instrument using the GS FLX Titanium Sequencing Kit (Roche)
according to standard protocol [45].

Assembly and translation of transcript sequences
Raw 454 reads were trimmed for adapters and low complexity regions using
SeqClean (http://www.tigr.org/tdb/tgi/software) and screened against UniVec
(http://www.ncbi.nlm.nih.gov/VecScreen/UniVec.html) and genome sequences from Bos
taurus (the closest sequenced relative of the deer host) and Homo sapiens. The Newbler
assembler [45] was used to assemble clean reads and 2,124 Genbank ESTs (September
2010) using the following parameters “-cdna –ml 100 –mi 95 –icl –het”. Any isotig or
singleton less than 200bp, with more than 10% ambiguous bases, or with a top BLAST
hit to a human or Ruminant nucleotide or protein sequence was excluded from analysis.
Peptide translations were obtained from isotigs and singletons using Prot4EST [46,47].

Core eukaryotic gene mapping and assessment of fragmentation
The coverage of the O. flexuosa transcriptome was estimated by profile searching
isotigs and singletons against core eukaryotic genes [18,19] using HMMer [48]. A
custom perl script was used to calculate the fragmentation rate based on WU-BLAST
(http://blast.wustl.edu) BLASTX alignments to B. malayi (brugpep.WS225.fa) and C.
elegans (wormpep.WS21.fa) proteins.
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BLAST analyses
All BLAST searches were performed using blastall version 2.2.22 with the following
cutoff values: e-values less than 1e-05, bit scores greater than 35 bits, and percent identity
greater than 55%. Databases queried included: non-redundant protein and non-redundant
nucleotide databases (downloaded 5/27/2010), all Genbank ESTs related to the Nematoda
(downloaded 1/6/2011), WormBase B. malayi genome assembly
(b_malayi.WS221.dna.fa), WormBase B. malayi predicted proteins (brugpep.WS221.fa),
WormBase C. elegans predicted proteins (wormpep.WS215.fa), and the KEGG protein
database (version 57). A custom perl script was used to extract the top hit from each
region of the query before parsing BLAST results.

Mass spectroscopy
O. flexuosa worms were dissected from a frozen nodule, pulverized in liquid nitrogen,
dissolved in 50mM Tris pH 8.0 with cOmplete protease inhibitor cocktail (Roche), and
sonicated on ice. Two nodules were prepared in this manner to provide biological
replicates. Half of each sonicated sample was pooled and subjected to centrifugation at
20,000 x g for 90 minutes to separate soluble from insoluble proteins. This resulted in
four separate samples (nodule 1, nodule 2, nodule 1-2 soluble fraction, and nodule 1-2
insoluble fraction) that were treated in the same manner. Protein concentration was
determined by the DC Protein Assay (Bio Rad, Hercules, CA). Proteins were denatured
with 8M urea, reduced with 5 mM tris (2-carboxyethyl) phosphine (TCEP), and alkylated
with iodoacetamide, prior to digestion with sequencing-grade trypsin (1:50
trypsin:protein ratio).
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Peptides from the four samples were separated using multidimensional
chromatography (MudPIT) and analyzed by tandem MS as previously described [49].
Briefly, 50 µg of peptides were pressure-loaded onto a biphasic capillary column packed
with strong cation exchange (SCX) and C18 resins, and fractionated by a combination of
ion exchange and reverse phase chromatography. Peptides were eluted from SCX resin
with six injections of increasing concentrations of ammonium acetate, followed by 120
minute organic gradients to elute peptides from the C18 resin directly into an LTQ
Orbitrap Discovery hybrid mass spectrometer (Thermo Scientific, West Palm Beach, FL).
MS1 spectra were acquired in the orbitrap (FTMS) with a resolution of 30,000 followed
by seven data-dependent MS2 spectra in the ion trap (ITMS) at low resolution. Data were
stored in Thermo RAW format, and converted to MS2 format using RawXtract 1.9.9.2
[50].
MS2 spectra were searched using the ProLuCID algorithm [51] against a combined
database containing 238,403 sequences derived from O. flexuosa peptide translations, all
GenBank protein entries from the phylum Nematoda and genus Wolbachia (downloaded
February 2010), WormBase protein sequences from B. malayi (brugpep.WS221.fa) and
C. elegans (wormpep.WS215.fa). Reversed “decoy” versions of each entry were also
included to allow for estimation of false-discovery rates [52]. Peptide spectral matches
were filtered using DTASelect 2.0 [53] resulting in a peptide false-positive rate of 1.2%.

Functional annotation of predicted and experimentally verified proteins
InterProScan version 4.5 was used to identify conserved domains from peptide
translations and database protein sequences with matches to MS peptides [54]. Sequences
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were assigned K numbers by comparison with the KEGG protein database [55]. Custom
perl scripts were used to bin K numbers into broad categories and KEGG modules.

Antibody production
A 15 amino acid portion of MS protein 1591 (see Table 6) was selected based on
inferred immunogenic properties (i.e. predicted secondary structure and hydrophobicity).
Polyclonal antisera were raised against synthetic peptides coupled to KLH in two rabbits
per peptide (LifeTein LLC, South Plainfield, NJ). Antibodies were affinity purified with
the original peptide and tested by ELISA prior to use (LifeTein LLC). Polyclonal antisera
against the KHL carrier protein were raised, purified, and tested in the same manner.
Total IgG were purified from rabbit pre-immune sera using the Protein A Agarose Kit
(KPL, Gaithersburg, MD) for use as negative controls.

Western blots
Adult O. flexuosa were dissected from nodules and homogenized on ice in RIPA
buffer (G Biosciences, Maryland Heights, MO) and ProteaseArrest (G Biosciences) in a 1
mL mini homogenizer (GPE Scientific Limited, Leighton Buzzard, UK). Homogenate
was spun at 19,000g for 15 minutes to pellet debris, and the protein concentration of the
supernatant was determined using the BCA method (Pierce, Rockford, IL). O. flexuosa
protein was subjected to SDS-PAGE using a 4-12% reducing gel (NuPAGE BisTris Mini
Gel, Invitrogen) according to the manufacturer’s suggested protocol. Separated proteins
were transferred to a nitrocellulose membrane (Invitrogen). The membrane was blocked
overnight at 4C in blocking buffer (0.5% Tween, 5% nonfat dry milk in 1xPBS), washed
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in 1xPBS with 0.5% Tween (PBS/T), and cut into strips for blotting. Antibodies were
diluted in PBS/T to final concentrations of 4.4 "g/mL,15 "g/mL and 50 "g/mL for antiMS1591, purified pre-immune IgG and anti-KLH, respectively. Blot strips were
incubated with primary antibody dilutions overnight at 4C and washed with PBS/T at
room temperature. Strips were then incubated with anti-rabbit IgG(Fc) AP conjugate
(1:3,500 in PBS/T) (Promega, Sunnyvale, CA) for 1h at 37C, washed with PBS/T at
room temperature and developed using NBT/BCIP substrate (Promega). Substrate
reaction was stopped using 20mM Tris-HCl pH 7.4 with 5mM EDTA.

In situ hybridization and immunohistochemistry
DNA was isolated from adult B. malayi as previously described [15] using the
DNeasy Blood and Tissue Kit (Qiagen). A 369bp portion of the LolC gene from the
Wolbachia endosymbiont of B. malayi (locus Wbm0482) was amplified from B. malayi
genomic DNA using the following primers: 5’- TCTTTCATTCTCGGCACCTCA-3’ and
5’- TGGCATTGATGGCCATATCA-3’. Biotinylated RNA probes were constructed
from PCR products by in vitro transcription as previously described [15].
O. flexuosa nodules were fixed for 24-72 hours in DEPC-treated 4% buffered
formaldehyde, embedded in paraffin and sectioned using standard histological
procedures. Immunohistological stainings and in situ hybridizations were performed on
sections from the nodules as previously described [41]. In situ hybridizations were
performed overnight at 60C using 1"g RNA probe. Antibodies against MS protein 1591
(LolC) used at 0.88 "g/mL while anti-KLH antibodies were used at 1.4 "g/mL. A total of
twelve nodules were examined.
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FIGURES:

Figure 1: Cross species identification rates of O. flexuosa proteins detected by mass
spectrometry. Approximately 30% of the experimentally detected proteins mapped to O.
flexuosa peptide translations. 22% of proteins were matched to L. loa while another 22%
matched to B. malayi.. Fewer matches were made to distantly related species
(approximately 3% to C. briggsae
briggsae, 3% to C. remanei, 3% to C. elegans,, and 2% to T.
spiralis)) and to closely related species that are not well represented in the GenBank
protein database (2% to O. volvulus
volvulus).
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Figure 2: Western blots detecting the putative LolC homolog in O. flexuosa adult worm
lysate. Affinity-purified rabbit antibodies raised against a peptide from MS protein 1591,
a putative LolC homolog, bound a single 38 kDa band in Western blots of O. flexuosa
adult worm lysate (lane 1). Purified IgG from pre-immune serum (lane 2) and antibodies
against the keyhole limpit hemocyanin carrier (lane 3) did not bind to proteins in this size
range.
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Figure 3: Localization of the put
putative
ative LolC homolog by immunohistology and in situ
hybridization in O. flexuosa
flexuosa.. Negative control antibodies against keyhole limpit
hemocyanin (carrier protein) showed no specific staining in O. flexuosa (A).
(
Antibodies
against a peptide from MS protein 1591, a putative homolog of Wolbachia LolC, stained
the fibrillar portions of the somatic muscles (arrow) in a cross section of an adult male
worm (B).
). The somatic muscles (solid arrows) and excretory cell (d
(dashed
ashed arrow) are
stained in cross sections of young adult females ((C, D).
). Magnification of the excretory
cell shows intense staining of the cell membrane (dashed arrow) and more diffuse
staining in adjacent muscles (solid arrow) ((E). The uterine muscles of an older female
(arrow) are clearly stained ((F),
), as are the intrauterine stretched microfilaria (F,
( G). The
LolC sense probe produced no signal in in situ hybridizations (H),
), while the antisense
probe labeled the lateral chords (arrows) and developing spe
sperm
rm within the male testes (I,
(
J).
). The antisense probe also labeled the lateral chords (arrow), intestine, and uteri of a
young adult female (K).
). Abbreviations: m, muscle; lc, lateral chords; i, intestine; ut,
uterus; mf, microfilariae; hy, hypodermis; t, ttestes;
estes; vd, vas deferens. Scale bars = 25"m.
25
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TABLES:
Table 1: Results of sequencing, assembly, and translation of the O. flexuosa
transcriptome.
Sequencing
Total reads
1,334,767
Average read length
350 bp
Total ESTs (Genbank)
2,124
Average EST length
443 bp
Assembly
# Singletons
47,252
Average singleton length
538 bp
# Isotigs
25,222
Average isotig length
810 bp
# Isogroups
16,814
# Isogroups with one isotig
12,874
Average isotigs per AS isogroup
3.13
Protein Predictions
# Unique peptides predicted
68,402
# Isogroups with predicted peptides 16,807
# Isotigs with predicted peptides
25,205
# Singletons with predicted peptides 47,252

!

130

!

Table 2: Results of BLAST searches comparing O. flexuosa transcripts to various databases.
Database
Database
Sequence # Isogroups
# Isotigs
Source
search
nr
NCBI
blastx
6,619 (39.4%)
12,013 (47.6%)
Nematoda
6,442
11,755
Wolbachia
62
73
Nematoda and Wolbachia
17
23
nt
NCBI
blastn
6,998 (41.6%)
12,641 (50.1%)
Nematoda
6,613
12,141
Wolbachia
86
98
Nematoda and Wolbachia
20
22
Nematoda ESTs
GenBank
blastn
5,485 (32.6%)
9,765 (38.7%)
B. malayi proteins
WormBase blastx
6,683 (39.7%)
12,153 (48.2%)
B. malayi genome assembly WormBase blastn
8,350 (49.7%)
14,522 (57.6%)
C. elegans proteins
WormBase blastx
2,437 (14.5%)
4,324 (17.1%)
Hit to one or more databases
10,024 (59.6%) 16,944 (67.2%)
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# Singletons
7,278 (15.4%)
6,886
36
3
9,988 (21.1%)
8,731
102
10
7,535 (15.9%)
7,702 (16.3%)
11,836 (25.0%)
2,385 (5.0%)
16,359 (34.6%)
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Table 3: Top 25 InterPro domains identified from O. flexuosa peptide translations and experimentally verified proteins
Peptide Translations
InterPro
Code
IPR008160
IPR011009
IPR017442
IPR000719
IPR011046
IPR019781
IPR007087
IPR006201
IPR017986
IPR015943
IPR002290
IPR001680
IPR001245
IPR019782
IPR000504
IPR001757
IPR000242

!

Description
Collagen triple helix repeat
Protein kinase-like domain
Serine/threonine-protein kinase-like
domain
Protein kinase, catalytic domain
WD40 repeat-like-containing domain
WD40 repeat, subgroup
Zinc finger, C2H2-type
Neurotransmitter-gated ion-channel
WD40-repeat-containing domain
WD40/YVTN repeat-like-containing
domain
Serine/threonine-protein kinase
domain
WD40 repeat
Serine-threonine/tyrosine-protein
kinase
WD40 repeat 2
RNA recognition motif domain
ATPase, P-type,
K/Mg/Cd/Cu/Zn/Na/Ca/Na/Htransporter
Protein-tyrosine phosphatase,
receptor/non-receptor type

Experimentally Verified Proteins
Isogroups
and
Singletons
189
167

InterPro
Code
IPR012336
IPR008985

Description
Thioredoxin-like fold
Concanavalin A-like lectin/glucanase

118
102
67
66
63
61
60

IPR013098
IPR016024
IPR016040
IPR013783
IPR002928
IPR004000
IPR001664

Immunoglobulin I-set
Armadillo-type fold
NAD(P)-binding domain
Immunoglobulin-like fold
Myosin tail
Actin-like
Intermediate filament protein

40
39
35
33
31
31
30

59 IPR012335

Thioredoxin fold

30

53 IPR001023
52 IPR013126

29
29

50 IPR001079
50 IPR016044
49 IPR000217

Heat shock protein Hsp70
Heat shock protein 70
Galectin, carbohydrate recognition
domain
Filament
Tubulin

28
27
26

48 IPR003008

Tubulin/FtsZ, GTPase domain

26

44 IPR001322

Intermediate filament, C-terminal

25
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Proteins
43
41
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36 IPR013320

Ras GTPase
Spectrin repeat
Small GTP-binding protein
Tubulin/FtsZ, C-terminal
Concanavalin A-like lectin/glucanase,
subgroup

25

34 IPR013753
34 IPR017936
34 IPR018316

Ras
Thioredoxin-like
Tubulin/FtsZ, 2-layer sandwich domain

25
25
25

IPR016040
IPR016024
IPR013753
IPR002110

NAD(P)-binding domain
Armadillo-type fold
Ras
Ankyrin repeat

43
40
38
36

IPR013783

Immunoglobulin-like fold
Serine/threonine-protein kinase, active
site
Nucleotide-binding, alpha-beta plait
WD40 repeat, conserved site

IPR008271
IPR012677
IPR019775
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IPR001806
IPR002017
IPR005225
IPR008280
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25
25
25
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Table 4: KEGG pathway category mappings for O. flexuosa peptide translations and experimentally verified proteins.

Metabolism
Carbohydrate Metabolism
Energy Metabolism
Lipid Metabolism
Nucleotide Metabolism
Amino Acid Metabolism
Metabolism of Other Amino Acids
Glycan Biosynthesis and Metabolism
Metabolism of Cofactors and Vitamins
Metabolism of Terpenoids and Polyketides
Biosynthesis of Other Secondary Metabolites
Xenobiotics Biodegradation and Metabolism
Enzyme Families
Genetic Information Processing
Transcription
Translation
Folding, Sorting and Degradation
Replication and Repair
Environmental Information Processing
Membrane Transport
Signal Transduction
Signaling Molecules and Interaction
Cellular Processes
!

Peptide Translations
Isogroups &
Singletons
KO Groups
Numbe
Numbe
r
Percent
r
Percent
1939
37.58%
749
36.55%
287
5.56%
106
5.17%
304
5.89%
116
5.66%
160
3.10%
70
3.42%
176
3.41%
76
3.71%
273
5.29%
93
4.54%
87
1.69%
34
1.66%
184
3.57%
75
3.66%
74
1.43%
44
2.15%
46
0.89%
20
0.98%
20
0.39%
9
0.44%
59
1.14%
23
1.12%
631
12.23%
233
11.37%
2442
47.33%
1023
49.93%
634
12.29%
283
13.81%
493
9.56%
215
10.49%
870
16.86%
350
17.08%
628
12.17%
263
12.84%
879
17.04%
320
15.62%
61
1.18%
38
1.85%
526
10.20%
175
8.54%
403
7.81%
142
6.93%
1119
21.69%
379
18.50%
134

Experimentally Verified Proteins
Proteins
Numbe
r
Percent
278
45.72%
101
16.61%
86
14.14%
20
3.29%
23
3.78%
55
9.05%
22
3.62%
13
2.14%
12
1.97%
7
1.15%
7
1.15%
14
2.30%
51
8.39%
233
38.32%
23
3.78%
91
14.97%
114
18.75%
25
4.11%
89
14.64%
6
0.99%
54
8.88%
43
7.07%
148
24.34%

KO Groups
Numbe
r
Percent
195
43.72%
53
11.88%
56
12.56%
17
3.81%
15
3.36%
35
7.85%
15
3.36%
10
2.24%
9
2.02%
4
0.90%
4
0.90%
9
2.02%
39
8.74%
191
42.83%
18
4.04%
77
17.26%
87
19.51%
21
4.71%
61
13.68%
5
1.12%
32
7.17%
33
7.40%
93
20.85%
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Transport and Catabolism
Cell Motility
Cell Growth and Death
Cell Communication
Organismal Systems
Human Diseases
Poorly Characterized
Total

!

368
326
298
288
765
675
48
5159

7.13%
6.32%
5.78%
5.58%
14.83%
13.08%
0.93%
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139
87
93
90
252
252
26
2049

6.78%
4.25%
4.54%
4.39%
12.30%
12.30%
1.27%

67
64
10
54
110
147
2
608

11.02%
10.53%
1.64%
8.88%
18.09%
24.18%
0.33%

46
31
8
28
74
92
2
446

10.31%
6.95%
1.79%
6.28%
16.59%
20.63%
0.45%
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Table 5: Selected KEGG pathway modules in B. malayi and O. flexuosa. Table lists the number of module enzymes represented in
each dataset.
B. malayi
Module description

Inosine
monophosphate
biosynthesis
Uridine
monophosphate
biosynthesis
Heme biosynthesis
Riboflavin
biosynthsis

!

Proteins

Peptide
translations

20

1

4

O. flexuosa
Peptide
translations
with
homology to
Wolbachia
1

M00051

13

3

5

3

1

M00121

9

3

3

1

0

M00125

5

0

0

0

0

Module
number

Total
enzymes
in
module

M00048

136

Experimentally
verified
proteins
0
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Table 6: Wolbachia-like proteins in O. flexuosa.

MS Protein

1591

1637

!

Match
Accessions
225592870
99034569
58699345
RNINSDYYAVSKSIERIPGILKA
58536811
42410767
225677321
KLLSLLATEARLIAIRG
190570554
QFAEIEGRV
Identified Peptides

137

Description

Peptide Antigen

lipoprotein releasing system
transmembrane protein, LolC

NINSDYYAVSKSIER

secretion protein, HlyD family

n/a

!
See supplementary CD for the following tables:
Table S1: KEGG pathway modules represented by O. flexuosa peptide translations and
experimentally verified proteins.
Table S2: Detailed description of O. flexuosa proteins identified by mass spectroscopy.
Table S3: Wolbachia-like sequences in O. flexuosa.
Table S4: KEGG pathway modules represented by Wolbachia-like peptides in O.
flexuosa.
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CHAPTER 5:

Discussion

This chapter was composed entirely by SNM. Comments from Peter U. Fischer and Gary
J. Weil were incorporated into the final version.
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SECTION I: OVERVIEW
The goal of this work was to explore the role of Wolbachia in the biology of
filarial nematodes by attempting to answer the following question: Why is it that some
filarial species depend upon Wolbachia endobacteria for growth and reproduction while
other species do not? We proposed that the differences in Wolbachia dependence seen in
filarial nematodes could be explained by either a loss-of-function in Wolbachia-infected
worms, leading to dependence, or a gain-of-function in Wolbachia-dependent worms,
leading to independence. Either possibility, or a combination of both, could explain the
unusual distribution of Wolbachia in the filarial lineage.
It is assumed that Wolbachia endobacteria were acquired by filarial nematodes
through contact with infected insect vectors [1]. The initial invaders may have become
fixed in the filarial lineage via reproductive parasitism, as is common in arthropods [2].
The fitness of a vertically transmitted parasite is inextricably linked to that of the host, so
selection would have driven this interaction towards mutualism. However, the filarial
worm must have lost some function(s) in order to become fully dependent upon the
endobacteria to carry out its life cycle. The distribution and phylogenetic affinities of
Wolbachia suggest that this event took place in an ancestral species prior to the
separation of the Onchocercinae and Dirofilariinae and that uninfected species represent
secondary losses of the endosymbiont [3].
We reasoned that the mitochondrial genome would be a good place to look for
loss-of-function in Wolbachia-dependent worms. Wolbachia are closely related to the
mitochondrial progenitor. If these two organisms overlap in function, Wolbachia may be
able to compensate for defects in the mitochondria of dependent species. We searched for
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signs of altered function by comparing the mitochondrial genomes of Wolbachiadependent and independent worms. Chapter 2 of this thesis describes the finding that the
mitochondrial genomes of these two groups are remarkably similar. Sequences provide
no evidence of degeneracy in the mitochondrial genomes of Wolbachia-dependent filarial
nematodes.
Once the worms had become dependent upon Wolbachia endobacteria for growth
and reproduction, some gain-of-function would be necessary to support the transition
back to a solitary existence. These functions could have evolved over the course of time,
or they could have been acquired directly from the endosymbiont via horizontal gene
transfer (HGT). Many Wolbachia-like sequences have been found in the nuclear genomes
of infected insects and filarial nematodes [4]. While it is assumed that these sequences
are non-functional in Wolbachia-dependent species, the transfer of critical genes could
render the once vital endosymbiont redundant and expendable.
As a first step in testing this gain-of-function hypothesis, we searched for
evidence of HGT in Wolbachia-free filarial species. Chapter 3 describes the finding that
Wolbachia–like DNA sequences are indeed present in the nuclear genomes of two
distantly related Wolbachia-free species, Acanthocheilonema viteae and Onchocerca
flexuosa. Follow up studies in O. flexuosa, described in Chapter 4, assessed the
expression of transferred sequences. The existence of Wolbachia-like transcripts and a
Wolbachia-like protein suggests that at least some of these sequences are capable of
mediating biological function.
While this thesis project was focused on the interactions between Wolbachia and
filarial nematodes, other contributions were made to the field of filarial nematode
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research. These included detailed studies indicating that a filarial parasite of the common
grackle is Wolbachia-free (Appendix 1), the evaluation of a whole genome amplification
technique for use with filarial DNA (Appendix 2), the generation of sequence data from
several species, and the first proteomic analysis of a Wolbachia-free filarial species. The
various contributions of this thesis (summarized in Table 1) will be discussed
individually in the following sections.

SECTION II: WOLBACHIA-DEPENDENCE DUE TO LOSS-OF-FUNCTION
The mitochondrial genome was a logical place to begin the search for loss-offunction in Wolbachia-dependent filarial species. Aside from the reasons previously
discussed (e.g., co-inheritance, shared ancestry, etc), filarial mitochondrial genomes
(mtDNAs) are relatively small (~13kb), manageable molecules to sequence and analyze.
Prior to the initiation of this project, only three filarial mtDNAs were publically
available; all of these were from Wolbachia-dependent species [5,6,7]. The three
mtDNAs were quite similar in sequence and content; however, we hypothesized that a
careful comparison of these sequences with those of Wolbachia-free species might reveal
defects in the mtDNAs of Wolbachia-dependent worms, perhaps involving the deletion,
truncation, or mutation of mitochondrial genes.
Five mtDNAs were sequenced over the course of this project, one from a
Wolbachia-dependent species and four from Wolbachia-free species. The mtDNA of a
sixth species, also Wolbachia-free [8], was also made available by another group [9]. As
reported in Chapter 2, the nine filarial mtDNAs are very similar in content, arrangement
and sequence. No genes are absent or mutated in Wolbachia-dependent worms as
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compared to their Wolbachia-free counterparts. The only notable sequence-level
difference was the re-arrangement of five tRNA’s in Chandlerella quiscali relative to the
other species. The relevance of this finding is unknown, as C. quiscali was the most
divergent species included in the study [10]. It may even belong to a subfamily
(Splendidofilariinae) that diverged prior to the introduction of Wolbachia in the filarial
lineage [8]. We will not be able to determine whether this rearrangement is a
consequence of C. quiscali’s Wolbachia status or its evolutionary distance from the other
species until the mtDNAs of more Splendidofilariinae have been sequenced.
It is possible that Wolbachia-dependent and independent filarial nematodes could
have important differences in mitochondrial function despite the sequence-level
similarity of their mtDNAs. Altered expression of mitochondrial genes could have a
marked effect on mitochondrial output. Furthermore, many of the proteins involved in
oxidative phosphorylation are encoded by the nuclear genome rather than the
mitochondria, and some of these genes could be missing or altered in Wolbachiadependent species. It may even be possible to detect differences in the function of
isolated mitochondria from Wolbachia-dependent and independent worms by directly
measuring their rates of oxidative phosphorylation [11,12]. Experiments like these could
provide insight into the effects of Wolbachia on energy production in filarial worms.
Certainly, our loss-of-function hypothesis does not have to be restricted to
mitochondria or to energy production via oxidative phosphorylation. Wolbachiadependent filarial nematodes are best thought of as a composite organism, as neither the
worm nor the bacteria can function apart from the other. Taken together, these two
organisms are functionally equivalent to a Wolbachia-free worm. Therefore, it stands to

!

143

!
reason that some vital function must be missing from the nuclear genome of Wolbachiadependent filarial species but present in Wolbachia and Wolbachia-independent species.
The best way to identify the genes involved in this vital function would be to compare the
complete genome sequences of two closely related filarial species with discordant
Wolbachia status. Onchocerca jakutensis (Wolbachia-dependent) and O. flexuosa
(Wolbachia-free) are an attractive pair [13,14]. Since they parasitize the same host
(European red deer, Cervus elaphus), we could be more confident that differences in gene
content result from contact or lack of contact with Wolbachia rather than the occupation
different environmental niches.

SECTION III: WOLBACHIA-INDEPENDENCE DUE TO GAIN-OF-FUNCTION
Wolbachia are organisms in transition; they represent an intermediate step
between an independent entity and an organelle. An HGT ratchet mechanism has been
proposed to explain the ongoing transfer of genetic material from endosymbiont to host
during this transition, thereby reducing the endosymbiont genome [15]. As is the case for
eukaryotic mitochondria, the transformation of Wolbachia from an invader to an obligate
mutualist has involved a great deal of genetic rearrangement including the shuttling of
bacterial DNA to the nuclear genome of the host. We reasoned that this strategy might
have backfired in some filarial species. Instead of streamlining the bacterial genome, the
transfer of critical genes may have rendered the bacteria expendable. The first step
towards proving this hypothesis, described in Chapter 3, was the identification of
Wolbachia-like DNA sequences in the nuclear genomes of two Wolbachia-free species.
The second step, described in Chapter 4, was the identification of Wolbachia-like
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transcripts and a Wolbachia-like protein in a Wolbachia-free filarial species, indicating
that these sequences are indeed capable of mediating some biological function.
The identification of Wolbachia-like sequences in the nuclear genomes of
Wolbachia-free filarial species is an important scientific finding regardless of their
function. Two hypotheses had previously been proposed to explain the unusual
distribution of Wolbachia among filarial nematodes. Since closely related species may
differ in their Wolbachia-status, Wolbachia either infected each species individually,
skipping over the presently Wolbachia–free lineages, or they infected an ancestral worm
with current Wolbachia-free lineages resulting from secondary loss. Scientists favored
the latter explanation in the case of the Onchocercinae and Dirofilariinae because some
90% of these species are infected with Wolbachia [3,16] and because the phylogeny of
Wolbachia closely tracks the phylogeny of their filarial hosts within these two groups
[16]. Our discovery of Wolbachia-like sequences in the nuclear genomes of A. viteae and
O. flexuosa provided the first concrete evidence to support this hypothesis. The
identification of shared Wolbachia-like sequences in worms of these two subfamilies
would further support the conclusion that the infection occurred in a common ancestor.
The transfer of Wolbachia DNA to the nuclear genome of the host was clearly a
random process. Many of the Wolbachia-like inserts are unexpressed sequence fragments
that have no clear importance (see Chapter 3). However, our experimental results provide
strong circumstantial evidence that some of the Wolbachia-like sequences are functional.
While it is possible that transferred DNA sequences could be expressed if they randomly
inserted in a favorable location, it stands to reason that selective pressure would be
required to maintain all of the sequences, both coding and regulatory, necessary to
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produce a protein, especially one whose expression is spatially and temporally regulated
like our putative Wolbachia LolC homolog.
The expression of Wolbachia-like RNAs and proteins implies, but does not
guarantee, function. In order to impact the biology of the recipient, a transferred gene
would have to be expressed at the protein level, fold properly, perhaps undergo posttranslational modifications, make its way to a useful location (tissue and sub-cellular
location) and coordinate with the existing biochemical machinery present in that location.
If our putative LolC homolog had been discovered in a genetically tractable organism,
Caenorhabditis elegans for example, it would be easy to assess its importance based on
the impact of gene silencing or deletion. However, determining the exact biochemical
role of this protein in the context of the recipient’s biochemical landscape could still be a
challenge. This is confounded by the fact that we don’t have a clear idea of whether other
members of the LolCDE transport apparatus are present in O. flexuosa or if LolC could
have an independent function unrelated to transport.
HGT is a well-characterized mechanism of genome evolution among plant
parasitic nematodes. In 1998, the identification of bacteria-like cellulase enzymes in two
parasitic cyst nematodes led to the hypothesis that plant parasitism may be facilitated by
HGT from soil bacteria [17,18]. Since then, sequencing projects have led to the discovery
of potential HGT events from a diverse collection of microbes in many nematode species
[19,20,21,22]. Unlike the transfer events we have seen so far in filarial worms, the genes
acquired by the plant parasites have obvious roles in the biology of the recipients,
allowing them to occupy new ecological niches. More work will be required to determine
whether transferred Wolbachia-like genes support Wolbachia-free filaria in a similar
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manner. The next steps in this line of research should include a more thorough analysis of
the genomes of Wolbachia-free filarial nematodes. This would provide a better inventory
of full-length inserts with coding potential and information on their genomic context (i.e.
where they were inserted, what genes are nearby, etc.). Better sequence data would, in
turn, facilitate more thorough proteomic analyses.
Future sequencing efforts should probably focus on a Wolbachia-free species that
can be maintained in the laboratory in order to facilitate follow-up studies. Although
HGT appears to have been extensive in O. flexuosa, there is no way to experimentally
determine their significance in this wild-caught species. However, new RNAi protocols
may allow us to explore the role of transferred genes in Wolbachia-free laboratory
models like A. viteae as sequences of interest are identified [23,24].

SECTION IV: OTHER CONTRIBUTIONS
Section IV-I: The Characterization of a Wolbachia-free species
The characterization of C. quiscali (subfamily: Splendidofilariinae) as a
Wolbachia-free species, described in Appendix 1, should prove useful for several
reasons. First, C. quiscali is an avian parasite of a previously unexplored subfamily, the
Splendidofilariinae [10], which adds to our basic knowledge of the distribution of
Wolbachia among filarial nematodes. Second, this species is relatively easy to obtain
throughout most of the continental United States and Canada due to its prevalence and
broad host range. This stands in contrast to other Wolbachia-free species that are
geographically restricted and/or infect less tractable hosts (e.g., humans, cattle, etc.).
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Third, the worms are relatively large in the context of the grackle brain, so they are easy
to locate and separate from host tissues (Fig. 1).
Aside from providing insight into the evolutionary history of Wolbachia and
filarial nematodes, assessing the Wolbachia status of a wider array of species might
provide more opportunities to compare and contrast Wolbachia-dependent and
independent species. It should also be considered that comparisons including species that
are presently Wolbachia-free but infected in the distant past (i.e., O. flexuosa and A.
viteae) may result in different findings than studies that include species that were never
associated with the endobacteria at all (presumably species outside the Onchocercinae
and Dirofilariinae, including the Splendidofilariinae). Therefore, the characterization of
Wolbachia-free species from distantly related subfamilies would be informative.
Future work should include the examination of species from understudied
subfamilies, particularly the Icosiellinae and the Lemdaninae, which have not been
examined at all. Genomic surveys along the lines of those described in Chapter 3 of this
thesis could be used to determine if any Wolbachia-free species outside the Dirofilariinae
and Onchocercinae show evidence of HGT that might indicate contact with Wolbachia in
the distant past. Studies such as these would broaden our understanding of the
evolutionary history of Wolbachia in filarial nematodes.

Section IV-II: Whole genome amplification for use with filarial nematode DNA
One major factor that impedes the study of filarial nematodes is the inability to
obtain sufficient biological material for experimentation or sequencing. Relatively few
filarial species can be maintained in the laboratory, and specimens of other species/strains
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must be collected from wild animal hosts or infected humans. These specimens are
difficult to obtain, and they often consist of a few microfilaria from infected blood rather
than adult worms. These samples contain very small amounts of DNA. Our evaluation of
a multiple displacement amplification technique for the efficient and faithful replication
of filarial DNA will help to overcome this obstacle.
The ability to amplify useful amounts of DNA from a small amount of starting
material will facilitate many studies that might not have otherwise been possible. For
example, genome amplification could be used to amplify DNA from parasites collected
in the field in order to assess regional variability within species and to identify genetic
markers associated with tissue tropism, periodicity in peripheral blood, or drug
susceptibility.

Section IV-III: Sequencing projects
Relatively little genetic information is available representing the filarial
nematodes, especially given the significant medical and economic burden they present.
Only one draft genome, that of Brugia malayi, has been thoroughly sequenced (estimated
9x coverage), and assembly is still a work in progress [5]. Projects to sequence the
genomes of other human pathogens such as Onchocerca volvulus, Loa loa and
Wuchereria bancrofti have been initiated, and sequences related to these organisms are
presently available in the form of shotgun reads; however, no assemblies or annotations
have been reported. Several filarial species are represented in the Genbank EST database,
but many of these EST projects (with notable exceptions of B. malayi and O. volvulus)
have been limited in scope (Table 2). During the course of this project, we sequenced
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mtDNAs, surveyed the genomes of A. viteae and O. flexuosa and sequenced the adult
transcriptome of O. flexuosa. These efforts yielded significant additions to the sequence
data available from filarial parasites.
Our desire to compare the mitochondria of Wolbachia-dependent and independent
led to the sequencing and annotation of the mtDNAs of five filarial species. The mtDNA
sequences will be useful in future studies of mitochondrial function and other analyses.
Mitochondrial genes such as cytochrome oxidase subunit I and the 12s rRNA gene
[16,25,26] are commonly used as phylogenetic markers, so these mtDNAs may facilitate
better characterization of evolutionary relationships among filarial nematodes.
Additionally, the conserved primer sets used to amplify portions of the mtDNAs for
cloning and sequencing will make it easy to repeat these studies in other species.
As reported in Chapter 4, 454 sequencing of O. flexuosa cDNA produced
sequences representing up to 40% of all O. flexuosa protein coding genes. We consider
this level of coverage to be quite good, particularly given our restriction to one life cycle
stage of this wild-caught species. This dataset should prove useful to researchers in our
field since it now represents the most thorough examination of expressed genes currently
available for a Wolbachia-free filarial species. When further transcriptome data becomes
available from closely related Wolbachia-dependent species (e.g., O. volvulus or
Onchocerca ochengi) our data may facilitate the first global comparison of gene content
and expression between sister taxa with discordant Wolbachia status.
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Section IV-IV: Proteomic analysis of O. flexuosa
In the past, proteomic analyses of filarial nematodes have focused on a single
laboratory strain of B. malayi, an organism with a nearly complete and well-annotated
genome that can be used for comparison with mass spectrometry data [5]. Many of these
studies were further restricted to the B. malayi secretome in order to limit the complexity
of the analyzed sample [27,28,29]. Only recently was a thorough analysis performed on
total worm lysate from several life cycle stages [30]. The proteomic analysis of O.
flexuosa presented in Chapter 4 represents the first shotgun proteomic analysis of a
Wolbachia-free filarial nematode parasite.
The identification of 1,803 proteins from adult worm lysate provided a first look
at protein-level gene expression and validated more than 700 peptide translations from
the O. flexuosa transcriptome. Our analysis also served as a proof-of-principle for the use
of a large comparative database containing putative protein sequences from a wide array
of species in shotgun proteomic studies of non-model filarial nematodes. The ability to
identify proteins based on orthologs in close relatives implies that proteomic studies need
not be restricted to model organisms with well-curated genomes, as useful data can be
obtained without an extensive species-specific database. In light of this finding, it may be
beneficial to turn our attention towards a Wolbachia-free species that can be maintained
in the laboratory (e.g., A. viteae) even if the sequence data available for this species is not
as extensive. A laboratory model would be easier to study and would facilitate better
follow-up studies on interesting proteins.
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SECTION V: CONCLUSION
The major goal of this thesis was to determine why certain species of filarial
nematodes are dependent upon Wolbachia endobacteria for growth, fertility, and
sometimes even survival while other species are not. Although we have yet to determine
the exact mechanisms underlying this biologically and medically significant relationship,
the data described here provide some interesting clues. While Wolbachia-dependent
filarial species must lack some capabilities in comparison to their Wolbachia-independent
counterparts, it is not likely that this deficiency is related to the sequences of their
mitochondrial genomes. It is, however, possible that Wolbachia-free filarial species were
freed from their dependence on the endosymbiont via HGT, as some Wolbachia-like
sequences present in the nuclear genomes of Wolbachia-free filaria are expressed at the
RNA and protein levels and are therefore capable of mediating biological functions. It is
our hope that the tremendous body of information collected over the course of this project
(mtDNA sequences, genomic DNA sequences, transcript sequences, and proteomic data)
will facilitate future studies that help to answer the remaining questions about the nature
of the fascinating relationship between filarial nematodes and their Wolbachia
endosymbionts.
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FIGURES

Figure 1: Chandlerella quiscali in the common grackle. The worms can be easily
identified and dissected from host tissue.
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TABLES
Table 1: Project summary
Problem
Reasons for Wolbachia-dependence
have not been explained.

Solution
Compare Wolbachia-dependent and
independent species.

Reasons for Wolbachiaindependence have not been
explained.

Identify horizontally transferred
genes capable of supporting
Wolbachia-free filarial species.

Wolbachia-free filarial worms are
difficult to obtain.

Identify Wolbachia-free species that
are abundant and easy to collect.

Scarcity of material representing
non-model filarial species.

Evaluate methods for whole
genome amplification.

Lack of sequence data representing
Wolbachia-free species.

Sequence genomes and/or
transcriptomes of Wolbachia-free
species.

Lack of proteomic data representing
non-model filaria

Shotgun proteomic analysis of
Onchocerca flexuosa.
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Result
No sequence-level differences
between the mtDNAs of
Wolbachia-dependent and
independent species.
A. viteae and O. flexuosa genomes
show evidence of HGT from
Wolbachia. Transferred fragments
are expressed at the RNA and
protein levels in O. flexuosa.
C. quiscali, a parasite of the
common grackle, was shown to
lack Wolbachia.

Multiple displacement
amplification (MDA) efficiently
and accurately amplifies filarial
DNA.
Sequenced and annotated the
mitochondrial genomes of three
Wolbachia-free species. Generated
16,814 isogroup and 47,252 highquality singleton sequences by 454
sequencing of O. flexuosa
transcriptome.
Identified 1,803 proteins from O.
flexuosa adult worm lysate.

Future Directions
Compare complete genomes of
closely related Wolbachiadependent and independent
species pairs.
More complete analysis of the
genomes and proteomes of
Wolbachia-free species.

Use C. quiscali as a model in
the study of Wolbachia-free
filarial nematodes. Assess the
Wolbachia status of more
species.
Use MDA to obtain sufficient
amounts of DNA to
characterize scarce material
from wild species and strains.
More thorough analysis of
genomes and transcriptomes of
O. flexuosa and other
Wolbachia-free species.

Further proteomic studies of O.
flexuosa and other filarial
species.
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Table 2: EST sequences available from various species of filarial nematodes. The
number of Sanger ESTs available in GenBank is listed for each species. Information was
obtained by searching the NCBI nucleotide EST database
(http://www.ncbi.nlm.nih.gov/nucest).
Species
Brugia malayi
Onchocerca volvulus
Wuchereria bancrofti
Loa loa
Dirofilaria immitis
Litomosoides sigmodontis
Onchocerca flexuosa
Onchocerca ochengi
Brugia pahangi
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No. ESTs
26,215
14,974
4,874
4,173
4,005
2,699
2,124
60
28
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ABSTRACT

Chandlerella quiscali is a filarial nematode parasite of the common grackle (Quiscalus
quiscula), a widespread bird species found throughout most of North America. Worms
collected from wild-caught birds were morphologically identified as C. quiscali and
tested for the presence of Wolbachia, an alphaproteobacterial endosymbiont required for
reproduction and maturation by many filarial species. Although various methods,
including polymerase chain reaction, in situ hybridization and immunohistology, were
used, we were unable to detect evidence of colonization with Wolbachia. Due to the
widespread distribution of the grackle host, localization within the host, and high
prevalence, C. quiscali may be among the most easily obtainable of Wolbachia-free
filarial species. Further studies of C. quiscali and other Wolbachia-free filarial species
may help to clarify the reason(s) that some filarial species require Wolbachia but others
do not.
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INTRODUCTION
Filarial nematodes are a biologically diverse superfamily of parasitic worms that
infect a wide array of vertebrates including amphibians, reptiles, birds, mammals, and
humans. The causative agents of lymphatic filariasis ([LF], (Wuchereria bancrofti and
Brugia malayi) and onchocerciasis (Onchocerca volvulus) infect approximately 150
million people in tropical and subtropical regions [1,2]. New treatments are being sought
to prevent and eliminate these infections because they are important causes of long-term
disability [1].
Attention has recently shifted to Wolbachia endobacteria (Rickettsiales:
Anaplasmataceae) as a target for anti-filarial drugs. Wolbachia are common reproductive
parasites of insects, but they behave as mutualists in many filarial nematode species [3].
Some of the most important filarial pathogens such as B. malayi, W. bancrofti,
Dirofilaria immitis, and O. volvulus, are dependent on Wolbachia endobacteria for
growth, fertility, and sometimes even survival [4,5,6,7]. Other filarial species are
naturally Wolbachia-free and thrive in the absence of a bacterial partner
[8,9,10,11,12,13]. The biological mechanisms responsible for this disparity are poorly
understood.
Phylogenetic studies may provide insight into the evolutionary history of
Wolbachia-filaria relationships and improve our understanding of the biological basis of
Wolbachia dependence in some species. Early surveys focused mainly on medically and
economically important, and readily available, parasites of humans and domestic animals.
Most of these species are Wolbachia-dependent, but most also belong to just 2 of the 10
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filarial subfamilies, the Onchocercinae and the Dirofilariinae [8,14]. A recent study by
Ferri et al. examined 35 species from 6 filarial subfamilies for Wolbachia infection, most
of which were Wolbachia-free [13]. Their findings suggest that Wolbachia-dependent
species may be in the minority in many subfamilies and that Wolbachia may be entirely
absent in filarial parasites of lizards, frogs and birds.
Here, we report results of studies to determine whether Wolbachia is present in
Chandlerella quiscali (Splendidofilariinae), a parasite of the common grackle (Quiscalus
quiscula) that was first described by Von Linstow in 1904 [15]. Grackles are widespread
in North America east of the Rocky Mountains. This makes C. quiscali accessible
throughout most of the United States and Canada. Polymerase chain reaction (PCR)
studies, in situ hybridization and immunohistology were performed to detect evidence of
colonization with Wolbachia endobacteria, but none was found. Our results suggest C.
quiscali as a readily available model in the study of Wolbachia-free filarial parasites.
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MATERIALS AND METHODS
Parasite materials
Adult C. quiscali were dissected from the cerebral ventricles of euthanized Q.
quiscula trapped in North Dakota, USA [16]. Trapping was conducted under USFW
Permit MB072162, ND Game & Fish Permit GNF02344201, and University of North
Dakota IACUC protocol 0705-3c. Adult B. malayi and Acanthocheilonema viteae were
obtained from experimentally infected Mongolian gerbils (Meriones unguiculatus) as
previously described [17,18]. Adult O. volvulus, adult Onchocerca flexuosa and W.
bancrofti microfilariae (mf) were available from previous studies [19,20,21]. Captive
bred field crickets (Gryllus bimaculatus) were purchased from a pet shop in Hamburg,
Germany.
For PCR studies, harvested worms were frozen in phosphate-buffered saline
(PBS) or TRIzol (Invitrogen, Carlsbad, California) at -80 C until use. For in situ
hybridization and immunohistology, adult worms and crickets were fixed for 24-72 hr in
4% buffered formaldehyde, embedded in paraffin, and sectioned using standard
histological procedures. For morphological examination, adult worms were killed with
heated saline, preserved in 70% ethanol, and cleared in lactophenol. Worms were studied
using an Olympus BX-51 compound light microscope (Olympus, Tokyo, Japan)
equipped with DIC optics and a digital imaging system. Measurements were obtained
using Rincon software version 7.1.2 (Imaging Planet, Goleta, California).
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DNA isolation
DNA was isolated from B. malayi, O. volvulus, O. flexuosa, A. viteae and C.
quiscali adult worms; W. bancrofti mf; and G. bimaculatus formalin-fixed, paraffin
embedded histological sections. The DNeasy Blood and Tissue Kit (Qiagen,
Germantown, Maryland) was used to isolate DNA from adult worms according to the
manufacturer’s suggested protocol. For G. bimaculatus, paraffin was removed from the
tissue by 2 30-min incubations with 100% xylene, 2 30-min incubations with 100%
ethanol, 2 30-min minute incubations with 75% ethanol, and 2 15-min incubations with
1x PBS. After removing the final PBS wash, tissue was re-suspended in 15 "l 1x PBS
and subjected to alkaline lysis. The same alkaline lysis protocol was used to obtain DNA
from W. bancrofti mf. In brief, tissue was brought to a final volume of 15 "l in sterile
water. Fifteen microliters of alkaline lysis buffer (400 mM KOH, 100 mM DTT and 10
mM EDTA) was added, and the mixture was heated to 95 C for 30 min before chilling on
ice for 10 min. The solution was neutralized with 15 "l of neutralization buffer (400 mM
HCl and 600 mM Tris-HCl pH 7.5). One microliter of lysate or 10 ng purified DNA
served as template in PCR reactions.

PCR reactions
Primers used to amplify the 5S ribosomal intergenic spacer were S2 5’GTTAAGCAACGTTGGGCCTGG-3’ and S16 5’-TTGACAGATCGGACGAGATG-3’
[22]. Primers used to detect Wolbachia endobacteria are reported in Table I. Wolbachia
primers are designed to match portions of the most highly conserved Wolbachia genes
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[23]. The 5s intergenic spacer was cloned using the TOPO-TA cloning kit for sequencing
(Invitrogen) and sequenced.

In situ hybridization
A 424-bp segment of the 16S rDNA gene of the Wolbachia endosymbiont of B.
malayi was amplified from B. malayi genomic DNA using the following primers: 16sF
5’-CAGCTCGTGTCGTGAGATGT-3’ and 16sR ‘5-CCCAGTCATGATCCCACTT-3’
[24]. Biotinylated antisense and sense (negative control) RNA probes were constructed
from this sequence as previously described [24].
For hybridization, 5-"m histological sections were deparaffinized, digested in
pepsin HCl for 7 min and hybridized overnight at 60 C in humid chambers with 1 "g of
probe in hybridization buffer (50% formamide, 5x SSC, 0.3 mg/ml yeast tRNA, 100
"g/ml heparin, 1x Denhardt’s solution, 0.1% CHAPS, and 5 mM EDTA). A stringency
wash was performed at 60 C for 30 min, and detection was carried out using the In situ
Hybridization Detection System (Dako North America, Carpinteria, California). Sections
were incubated with streptavidin-AP conjugate for 20 min at room temperature and with
BCIP/NBT for 10-20 min to localize bound probe.

Immunohistochemistry
The alkaline phosphatase anti-alkaline phosphatase technique was used for
immunostaining according to the recommendations of the manufacturer (Dako North
America) and as described previously [24,25]. A monoclonal antibody directed against
Wolbachia surface protein (WSP) of B. malayi was used as the primary antibody at a
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dilution of 1:100. A monoclonal antibody directed against human heat shock protein 60
(Hsp60 LK2, Sigma, St. Louis, Missouri) was used as a positive control at a dilution of
1:5 because our prior studies have shown that it binds to Wolbachia and filarial
mitochondria.

!

166

!
RESULTS
Based on morphological examination of adult and mf stages (Fig. 1), the grackle
parasites that were used in this study belong to Chandlerella. Details of adult
morphology, such as the rounded shape of the anterior end (Fig. 1A, B); relative position
of the nerve ring (Fig. 1A); position of the vulva relative to the end of the esophagus
(Fig. 1A); presence of characteristic large cells at the junction between the esophagus and
the intestine (Fig. 1E); and, most importantly, the configuration of the distal portion of
the uterus (Fig. 1A, C), confirmed that the worms were C. quiscali. The distal portion of
the uterus does not extend anteriorly beyond the vulva in C. quiscali. In contrast, the
uterus extends anteriorly well beyond the vulva and then loops posteriorly to reach the
vulva in closely related species. Likewise, the length of spicules in males in our material
(left spicule 75 µm, right spicule 82 µm) is identical to that of C. quiscali and different
from the length of spicules in closely related species (Fig. 1D) [26]. Microfilariae in the
blood were long (182-197 µm) and sheathed, with blunt, very slightly tapered tails (Fig.
1F, G), and this corresponds to the description of C. quiscali mf reported by Bartlett and
Anderson [26]. Localization of adult worms in the grackle brain also supports the identity
of these parasites as C. quiscali.
DNA samples from worms taken from separate birds were tested by PCR with
primer sets targeting Wolbachia 16s rRNA and other highly conserved Wolbachia genes,
including the DNA-directed RNA polymerase (Rpo B/C), translation elongation factor
GTPase (FusA), and succinate dehydrogenase (Fig. 2). Primer sets previously used to
demonstrate the absence of Wolbachia in L. loa were also tested (data not shown) [11].
All primer sets employed in this study amplified Wolbachia sequences from infected
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species (crickets, B. malayi, W. bancrofti, and O. volvulus) but not from Wolbachia-free
filarial species (O. flexuosa and A. viteae) [8,12] or C. quiscali. The filarial 5s rRNA
intergenic spacer was amplified and sequenced as a positive control to ensure the quality
of the C. quiscali genomic DNA. This sequence was deposited in Genbank under the
accession number HM641830.
An in situ hybridization probe designed to bind highly conserved portions of
Wolbachia 16s rRNA was also used to test for the presence of the endobacteria in C.
quiscali (Fig. 3). This probe is able to detect a wide array of Wolbachia strains, including
those in B. malayi (Figs. 3A, D, F) and in the cricket G. bimaculatus (Fig. 3B). Although
dozens of sections were examined, no staining was detected in C. quiscali (Figs. 3C, E).
Likewise, a monoclonal antibody against a Wolbachia surface protein was used to
stain the Wolbachia in B. malayi (Fig. 4A) and G. bimaculatus (Fig. 4C), but this
antibody did not produce a signal in C. quiscali (Figs. 4D, E). A positive control
antibody against Hsp60 that labels filarial mitochondria did produce a signal in C.
quiscali (Figs. 4B, F). This positive control indicates that the C. quiscali material was
intact and suitable for antibody staining.
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DISCUSSION
The worms used in this study were identified as C. quiscali based on their
morphologic features, host species, and localization within the host [16,26,27]. These
characteristics place species of the genus Chandlerella in the subfamily
Splendidofilariinae [27]. C. quiscali is 1 of only 2 species of this subfamily to have been
formally examined for Wolbachia infection [13].
PCR with different primer sets, in situ hybridization, and immunohistology all
indicated that C. quiscali does not contain Wolbachia. The genes targeted by PCR were
among the most highly conserved in sequenced Wolbachia strains, as indicated by the
fact that we were able to amplify Wolbachia sequences present in a diverse array of host
species including both insects and filarial nematodes. The in situ probe against
Wolbachia 16s rRNA and the antibody against WSP also detected highly conserved
targets in a wide array of filarial and insect Wolbachia strains. Similar methods have been
used to confirm the Wolbachia-free nature of other filarial species, including Loa loa and
O. flexuosa [9,11,12].
Our understanding of the co-evolutionary dynamics of Wolbachia in filarial
parasites will benefit from wider sampling of parasite species representing different
subfamilies of Onchocercidae. To-date, 54 species of Onchocercid species have been
examined for Wolbachia, of which 26 (48%) harbor Wolbachia [13,14,28,29]. Most
(72%) of the species examined to-date belong to a single subfamily, Onchocercinae.
Because there is good representation within this subfamily, some patterns can be
discerned when comparing parasite genera. For example, 13 of 14 (93%) species tested
within the genus Onchocerca harbor Wolbachia, whereas only 1 of 9 (11%) species
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tested within the genus Cercopithifilaria harbor Wolbachia. This difference in
proportions is statistically significant difference (Fisher's exact test, p=0.002). The 2
subfamilies that contain most avian filarioid species (Splendidofilarinae and Lemdaninae)
have not been extensively examined for Wolbachia symbionts. Avian filarioids
(approximately 15 genera) may be among the most widely distributed of the filarioid
parasites because of their hosts' unique ability to fly, yet only 2 avian species, an
unidentified Aproctella species [13] and Chandlerella quiscali, both Splendidofilarinae,
have been studied. Both of these species are Wolbachia-free. More species will need to
be examined to determine if this is true of all avian filaria.
Future studies should not only include examination of a wider array of filarial
species, but a more in-depth examination of species that have already been characterized
as Wolbachia-free. Our previous studies uncovered evidence of horizontal gene transfer
from Wolbachia endobacteria to 2 species that are currently Wolbachia-free (O. flexuosa
and A. viteae,). This indicates that their ancestors must have been infected with
Wolbachia [20]. Genomic surveys of other Wolbachia-free species like C. quiscali will
help to determine whether Wolbachia was present in their lineage in the past.
Now that C. quiscali has been experimentally shown to lack Wolbachiaendobacteria, it can be used as a model for studies of Wolbachia-free filarial parasites. C.
quiscali has certain attributes that may make it an attractive model system for such
studies. First, its host, the common grackle, is abundant and synanthropic, it is easy to
trap, and it does well in captivity. Local prevalence (particularly in forested regions
where vector [ornithophilic Culicoides] populations are high) can approach 100%
[30,31,32]. Moreover, unlike many avian filarids whose adult stages are small and often
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difficult to locate within their hosts, C. quiscali adults are easily found within the
ventricles of the brain. In depth studies of readily available Wolbachia-free species like
C. quiscali may help to determine why some filarial nematodes require Wolbachia for
fertility and maturation while others do not.
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FIGURES

Figure 1: Morphological characteristics of C. quiscali. A line drawing of the anterior end
of the female demonstrates the relative position of the vulva, esophagus and nerve ring
(A); the anterior end of C. quiscali (B); the region of the vulva (C; note that the uterus
does not make a loop anterior to the vulva); the posterior end of male with spicules (D);
the of junction between esophagus and intestine (E) with characteristic large cells
indicated with arrows; and sheathed microfilaria of C. quiscali from blood of common
grackle (F,G). Bars = 250 µm (A, B), 150 µm (C), 50 µm (D, E, G), and 25 µm (F).
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Figure 2: Results of a PCR
PCR-based
based search for evidence of colonization with Wolbachia
endobacteria in various species. Template species are designated as follows: Gb, field
cricket Gryllus bimaculatus
bimaculatus; Bm, B. malayi; Wb, W. bancrofti; Ov, O. volvulus;
volvulus Of, O.
flexuosa; Av, A. viteae;; Cq, C. quiscali;; W, water only (a no template control).
contr
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Figure 3: In situ hybridization using a probe for the 16s rRNA of Wolbachia
endobacteria. The 16s probe bound to Wolbachia in the lateral chords (A,
A, D),
D early (A)
and late (D)) morulae, and microfilariae ((F) of B. malayi. It also bound Wolbachia in the
developing eggs of the cricket G. bimaculatus (B).
). No staining was detected in the late
morulae (C)) or microfilaria ((E) of C. quiscali. Bars = 25 "m.
m. Species are designated
within the figure as follows: Bm, B. malayi; Gb, G. bimaculatus; Cq, C. quiscali.
quis
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Figure 4: Immunohistological detection of Wolbachia surface protein (WSP). WSP
antibody labeled Wolbachia in the lateral chords (lc) and morula stage embryos in the
uterus (ut) of B. malayi (A
A) and in developing eggs of G. bimaculatus (C
C). No staining
was detected in morula stage (mo) embryos ((D) or the ovaries (ov) (E)) of C. quiscali. A
positive control Hsp60 antibody labeled mitochondria in both B. malayi (B)
( and C.
quiscali (F). Bars = 25 "m.
m. Species are designated within the figure as follows: Bm, B.
malayi; Gb, G. bimaculatus
bimaculatus; Cq, C. quiscali.
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TABLES
Table I: PCR primer sequences used to detect Wolbachia endobacteria (5’-3’)
16s
Universal

CCAGTGGCGAAGGCGTCTAT CCCCGTCAATTCCTTTGAGTTT
AACCTTGCCAAGACATAAAAG
RpoB/C
TTCTGGCTCTGGTGCTGTAG C
GATGGTGCAGCTTCTATGGA GCAACTCCATCAAATACAGCA
FusA
T
A
CCATATATTCCTGTTGGATGAA
SucDyd
CAGGTGGATATGGACGTGTT A
*SucDyd, succinate dehydrogenase
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ABSTRACT

Genetic characterization of field isolates and clinical specimens of filarial nematodes is
often limited by a shortage of DNA; therefore, we evaluated a multiple displacement
amplification (MDA) based whole genome amplification method. The quality of
amplified DNA was examined by conventional PCR, real-time PCR, and DNA
hybridization. MDA of 5.0 ng of adult Brugia malayi DNA and one-fifteenth of the DNA
isolated from a single microfilaria resulted in 6.3 "g and 4.2 "g of amplified DNA,
respectively. Amplified DNA was equivalent to native genomic DNA for hybridization to
B. malayi BAC library clones or to an oligonucleotide microarray with approximately
18,000 filarial DNA sequences. MDA is useful for whole genome amplification of filarial
DNA from very small amounts of starting material. This technology will permit detailed
studies of genetic diversity that were not previously feasible.
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INTRODUCTION
Filarial nematode parasites cause serious illnesses such as elephantiasis and “river
blindness”. With some 150 million people infected and more than 1 billion at risk of
infection, these disabling diseases affect the lives of millions and retard economic growth
in the developing world.
The drugs that are currently used in control programs are most active against
larval (transmissible) stages of the parasite; the drugs kill microfilariae and temporarily
sterilize adult worms [1]. Mass drug administration in some endemic areas has reduced
the infection and disease rates associated with onchocerciasis and lymphatic filariasis
(LF); however, these programs would be more effective if they could employ drugs that
effectively kill adult worms. Better tools are needed for identifying new drug targets, for
understanding mechanisms of action of existing antifilarial drugs, and for assessing the
emergence of drug resistance. Research efforts in this area are severely impeded by a lack
of parasite material, as only zoophilic strains of B. malayi can be maintained in the
laboratory. Studies of other strains or species require isolation of parasite material from
human blood, tissues, or insect vectors. Tiny amounts of DNA isolated from these
samples are inadequate for thorough genetic analyses. Whole genome amplification
(WGA) procedures offer a potential means of overcoming this obstacle.
Various WGA protocols have been described, and several commercial kits for
WGA are available. Among these techniques, multiple displacement amplification
(MDA) is a particularly attractive option [2,3]. Based on bacterial rolling circle
amplification, this method uses a high fidelity #29 polymerase and random hexamer
primers in an isothermal reaction to non-specifically amplify entire genomes. MDA has
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been able to successfully amplify the genomes of many organisms, including mammals,
protozoa and bacteria, and several groups have reported that it can produce useful
quantities of DNA from template isolated from a single bacterial cell [4]. Of particular
interest, MDA has also been used to amplify the genome of Wolbachia bacteria in
Drosophila [5] or to improve the detection of Wolbachia in mites [6]. Insect Wolbachia
are closely related to Wolbachia bacteria in filarial nematodes.
The primers included in commercially available MDA reaction kits were designed
and optimized for use with human DNA, which has a balanced GC content. In contrast,
filarial nematode genomes are highly AT rich (>70%) [7,8], so it is not clear whether this
method would provide adequate amplification and unbiased coverage of filarial DNA
using primers included with commercial kits. MDA was recently reported to work well
with the AT rich Plasmodium falciparum genome; however, the filarial genomes are
approximately 40 times larger than those of Plasmodia [2,8,9,10]. Because quality is as
important as quantity, a through analysis of MDA-based amplification of filarial DNA
was required before this technique could be used for molecular characterization of filarial
parasite material from clinical isolates.
In this study, we amplified DNA from B. malayi by MDA and rigorously assessed
the quality of amplified DNA (aDNA) by a number of different methods to demonstrate
that MDA can be used for representative, high fidelity amplification of filarial nematode
genomes.
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MATERIALS AND METHODS
Parasite material
Adult B. malayi (TRS strain) were obtained from infected jirds (Meriones
unguiculatus) provided by the NIAID / NIH Filariasis Research Reagent Repository
Center (FR3, http://www.filariasiscenter.org/). Microfilariae of the same B. malayi strain
were isolated from infected jird blood by filtration. Parasites were stored at -20ºC prior to
use. Filters containing a gridded genomic BAC library of B. malayi were obtained from
FR3 [11].

DNA isolation
Genomic DNA was isolated from adult worms using the DNeasy Tissue Kit
(Qiagen, Valencia CA), and eluted from the column in 400 "L sterile water. In order to
isolate DNA from single MF, MF in suspension were diluted in water to a concentration
of approximately 10 MF/ 20 "L. Single MF were then removed from the suspension with
a pipette under 40X magnification and added to 5 "L 1x PBS and 5 "L of alkaline lysis
buffer (400 mM KOH, 100 mM DTT & 10 mM EDTA). Tubes were heated for 25 min at
95ºC and chilled on ice for 10 minutes before adding 5 "L of neutralization buffer (400
mM HCl, 600 mM Tris-HCl, pH 6.0). Lysis was verified by q-PCR targeting the B.
malayi 18S rDNA sequence (Table 1).

Genome amplification
Genomic DNA was amplified according to the protocol given in the GenomiPhi DNA
Amplification Kit (GE Healthcare, Buckinghamshire, UK). Briefly, B. malayi template

!

186

!
DNA was diluted to the desired concentration and 1ul was mixed with 9 "L of sample
buffer, heated to 95ºC for 3 min and chilled on ice for 5 min. For each reaction, 1 "L of
enzyme mix was added to 9 "L of reaction buffer on ice. After cooling, the reaction
mixture was combined with the cold template mixture and incubated at 30ºC for at least
18 hours. Reactions were stopped by incubation at 65ºC for 10 min and amplified DNA
was purified by ethanol precipitation.

Quantitative Real-Time PCR
Two targets, an abundant tandem repeat (HhaI repeat) and the B. malayi 18S ribosomal
RNA gene (18S rDNA) were used for quantitative real-time PCR (q-PCR). The HhaI
reaction targeted the entire 320 bp repeat and was carried out as previously described
[12]. The presence of the B. malayi 18S rDNA sequence was assessed in a Taqman assay
that amplifies a 120 bp fragment (Table 1). SybrGreen (Applied Biosystems, Foster City,
CA) q-PCR was used to compare the relative abundance of single copy and low copy
number genes [10] in aDNA and gDNA. Gene targets and primer sequences are reported
in Table 2. Single copy genes are those found in only one scaffold of the assembled
portion of the B. malayi genome (71 Mb of estimated 90-95 Mb genome). Low copy
number genes are those that fall within the 17.5 Mb of unassembled orphan contigs.

Conventional PCR
Conventional PCR was performed using Platinum Taq HIFI polymerase (Invitrogen,
Carlsbad CA, USA) according to the protocol recommended by the manufacturer. The
primers sets used were designed from a B. malayi scaffold (TIGR assembly 13313, clone
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name CA:1383333) which contains established markers from the X chromosome [13].
Different sets of primers were selected to produce amplicons ranging from 1.5 to 3.5 kb
(Table 1).

BAC Library Hybridization
BAC library hybridization was performed as described by Foster and co-workers
[11]. Unsheared genomic (500 ng) and amplified DNA (1000 ng) was biotin labeled
using the NEBlot Phototope Kit (New England Biolabs, Ipswich, MA) according to the
random primer labeling protocol. The biotinylated probe was ethanol precipitated and
tested for labeling efficiency. Identical 6.5 x 11 cm sections of the BAC library filters
were hybridized overnight with the remainder of each probe. These membranes were
developed using the standard protocol and reagents included in the Phototope Star
Detection Kit (NEB).
Microarray DNA Hybridization
Microarray studies used a second-generation filarial microarray developed by the
filarial microarray consortium. This array contains 65mer oligonucleotides derived from
15,412 B. malayi clusters, 1,016 Onchocerca volvulus clusters, 872 Wuchereria bancrofti
clusters and 803 genes of Wolbachia endobacteria from B. malayi. The filarial microarray
was obtained from the Washington University microarray core facility via FR3
(http://www.filariasiscenter.org).
Genomic B. malayi DNA was diluted to a final concentration of 500 ng/"L and
used as a reference control sample. For aDNA, the products of six MDA reactions were
pooled, ethanol precipitated, and re-suspended in sterile water to achieve a final
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concentration of 500-1,000 ng/µL. aDNA and gDNA were both sonicated for 8 min to
obtain fragment sizes of 200 to 1,000 bp as verified by agarose gel electrophoresis.
Fragmented DNA was labeled with Cy3 or Cy5 using the Micromax ASAP labeling kit
(Perkin Elmer, Waltham, MA) with two modifications to the manufacturer’s instructions:
(1) The labeling mix consisted of 15"L of DNA plus water, 4"L of ASAP labeling
buffer, and 1"L of ASAP cy-dye reagent. (2) DNA was purified after labeling using
DNA Clean & Concentrator - 5 columns (Zymo Research, Orange, CA) according to the
manufacturer’s protocol. Five microgram of each labeled DNA was suspended in 26"L
water and added to 26"L of formamide-based hybridization buffer (vial 7-Genisphere
Inc., Hatfield, PA). Hybridizations were performed as previously described [14]. Briefly,
hybridization solution was heated to 95ºC for 5 minutes and then allowed to cool to room
temperature. 48"L of hybridization solution was then added to the microarray under a
supported glass cover slip (Erie Scientific, Portsmouth, NH) at 43ºC for 16-20 hours at
high humidity. Slides were gently submerged into 2X SSC, 0.2% SDS for 11 minutes,
transferred to 2X SSC for 11 min., transferred to 0.2X SSC for 11 minutes, and then spun
dry by centrifugation. All washes were performed at room temperature. The arrays were
treated with Dyesaver (Genisphere) to prevent fluorophore degradation. Slides were
scanned on a ScanArray Express HT scanner (Perkin Elmer) to detect Cy3 and Cy5
fluorescence. Laser power was kept constant for Cy3/Cy5 scans and PMT was varied for
each experiment based on optimal signal intensity with lowest possible background
fluorescence. A low setting PMT scan was also performed to recover signal from
saturated elements. Gridding and analysis of images was performed using ScanArray
v3.0 (Perkin Elmer). Three biological replicates (aDNA or gDNA) and at least 2
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technical replicates (including dye flip) were used in this assay. The microarray
experiment followed the MIAME protocol
(http://www.mged.org/Workgroups/MIAME/miame.html).
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RESULTS
Yield of amplified DNA
Multiple displacement amplification (MDA) was evaluated for its ability to
effectively and faithfully amplify the genome of B. malayi. We used 5.0 ng of genomic
DNA (gDNA) from adult worms as template for this part of the study, as this is roughly
equivalent to the amount of DNA that can be obtained from five microfilariae. This is a
number that which can be easily obtained from clinical samples. MDA reactions (n = 5)
produced an average of 6.3 ± 1.4 "g of DNA (1260-fold amplification). An aliquot (about
6%) of the DNA isolated from a single B. malayi MF was also used as template for
MDA, and this yielded approximately 4.2 "g per reaction. No-template control reactions
commonly produce up to 6 "g aDNA because the amplification procedure is not
sequence-specific and working conditions are never completely free of environmental
DNA (e.g. bacterial DNA in the enzyme mixture or DNA from the researcher performing
the reaction). PCR analysis of negative control products confirmed the absence of filarial
DNA sequences in all experiments.

Quality of amplified DNA assessed by real-time PCR
Since MDA can amplify any DNA present in the reaction mixture (including
contaminants), q-PCR was used to ensure that amplified DNA is representative of B.
malayi. Primers and probes targeting two repeated DNA sequences (18s rDNA and the
HhaI repeat sequences) were used to estimate the equivalence of aDNA to unamplified
gDNA template. Cycle threshold (CT) values obtained with aDNA were consistently
slightly higher than those obtained with gDNA. When we used 10 ng of gDNA as
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template, the CT values for aDNA are on average 1.4 cycles (range 0.79 – 1.72) higher
for both targets (Fig. 1). Since the difference in CT value corresponds to a 2(aDNA Ct – gDNA
Ct)

difference in target abundance, the amount of filarial sequence in aDNA should be

around 2.6 fold (2 1.4) less than those present in the same amount of gDNA; however, this
trend was not statistically significant (Mann-Whitney U test, P > 0.05). If we assume that
the average yield of an MDA reaction is roughly 5.0 µg, we calculate that the target
sequences in the original 10 ng of gDNA template were amplified approximately 192fold. Because these q-PCRs targeted multi-copy loci, we followed this study with six
more q-PCR assays targeting single-copy or low copy number loci. Amplification
patterns were remarkably similar for the six genes tested over the entire dilution range. qPCR results from these reactions indicate an average CT difference of 1.46 ± 1.40
between aDNA and gDNA sequences (Fig. 2).
Further experiments tested the performance of MDA reaction with lower template
concentrations alone and mixed with DNA from different species. q-PCR results showed
that B. malayi sequences were detected in as little as 1 pg of aDNA made with 0.5 ng of
gDNA template and in 1 pg of aDNA made with 10 ng of a 1:1 mixture of human and B.
malayi genomic template (Fig. 3). Target sequences were also detected by q-PCR in as
little as 10 pg of total aDNA amplified with template isolated from a single microfilaria.
With a single amplification step, approximately 60-90 "g aDNA can be obtained from
one MF. q-PCR results indicate that the actual B. malayi sequence content in this product
is equivalent to between 0.6 and 0.9 "g of B. malayi gDNA.
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Size of amplified DNA assessed by electrophoresis and conventional PCR
In order to characterize aDNA produced by MDA, we used agarose gel
electrophoresis to compare the size of fragments found in aDNA to those of gDNA.
Although aDNA contained a wide range of fragment sizes, the largest aDNA fragments
were comparable in length to the fragments found in gDNA extracted using a commercial
column method (Fig. 4a). The smearing seen in the aDNA is a result of the random
priming method used in MDA reactions. Random primers do not allow for the
amplification of the entire length of each gDNA fragment, so a greater variety of
fragment sizes is expected. Presumably, this should not affect the coverage of the MDA
reaction, as the template gDNA contains many copies of the genome represented in many
different fragments.
To assess the ability of aDNA to substitute for gDNA in conventional PCR
reactions, several primer sets were used to amplify fragments of various sizes from both
gDNA and aDNA template. Figure 4b shows PCR products obtained with primers
directed to different sequences in aDNA scaffold that is present in the B. malayi X
chromosome. Products ranged in size from 1.5 – 3.5 kb, demonstrating that even fairly
large fragments can be amplified from as little as 1 ng of aDNA template.

Coverage of the B. malayi genome
To determine the coverage of the aDNA product, we hybridized both gDNA and
aDNA to a high density membrane array of an 18,000-clone B. malayi BAC library that
represents the entire B. malayi genome (both coding and non-coding sequences) [11].
Only 500-1000 ng of DNA was used to probe the blots in order to avoid saturation. We
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adjusted hybridization conditions to account for the difference in B. malayi sequence
content between the gDNA and aDNA samples used in this experiment by adding
roughly twice the amount of aDNA probe to the filter as gDNA probe. Despite this
adjustment, q-PCR results showed that the gDNA probe contained 1.7 times more B.
malayi 18s rDNA than the aDNA probe (data not shown). However, the hybridization
patterns are remarkably similar (Fig. 5). Comparisons of patterns obtained with the two
probes show greater than 90% agreement between the two blots. Variable signal
intensities on the blot are probably caused by variations in the copy number of different
genomic DNA sequences. These hybridization results suggest that MDA provided
adequate and unbiased amplification of the B. malayi genome.

Microarray analysis of amplified B. malayi DNA
As a more stringent test of the coverage of the aDNA product, we compared B.
malayi aDNA to that of gDNA by hybridizing both samples to a filarial microarray
containing 18,103 oligonucleotide probes representing protein coding sequences from B.
malayi, O. volvulus, W. bancrofti and Wolbachia endobacteria of B. malayi. On average,
gDNA target sequences showed detectable hybridization signals (signal minus
background > 200) with 95% of the B. malayi probes while aDNA sequences showed
hybridization to 93% of these probes (Table 3). As expected, both gDNA and aDNA
showed significantly lower hybridization rates for O. volvulus and W. bancrofti probes.
However, both gDNA and aDNA hybridized well with B.m. Wolbachia sequences. This
shows that MDA efficiently amplified Wolbachia DNA along with the parasite
chromosomal DNA. Slightly fewer Wolbachia flags were labeled with the aDNA, but this
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is consistent with our other results as aDNA contains slightly less target sequence.
However, no statistically significant differences were observed between the percent
hybridization of gDNA and aDNA regardless of the species from which the probes were
derived (P > 0.05). No B. malayi DNA was detected by q-PCR in aDNA produced in the
absence of B. malayi template, but amplification products from “no template” control
reactions hybridized with 5 to 16% of the 65mers on the microarrays. Since working
conditions were not DNA-free, it is likely that amplified human, bacterial or other
nonspecific DNA contained sequences that were similar enough to filarial sequences to
hybridize to some of the oligonucleotides on the microarray. Increasing the stringency of
hybridization might reduce this background. Taken together, the hybridization results
indicate that the coverage of B. malayi aDNA was very similar to that of unamplified
gDNA.
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DISCUSSION
The experimental results reported here show that MDA is a useful method for
faithfully amplifying a complex nematode parasite genome in an unbiased manner. We
were able to generate several micrograms of aDNA product with a very small amount of
B. malayi gDNA template (5.0 ng). Detailed characterization studies showed that aDNA
had high quality marks and excellent coverage.
We chose to use a small amount of template for our yield experiments in order to
approximate the amount of filarial DNA that can be easily obtained from field samples.
MDA reactions typically produced approximately 4-6 µg of product regardless of the
amount of template that was added to the reaction. This should not be surprising, because
any DNA present in the reaction mixture (e.g. DNA contaminants in the enzyme mixture
or other environmental sources) will be amplified until the primers and dNTP’s are
exhausted. Therefore, the reaction will proceed to completion at approximately 5µg of
product regardless of template abundance. It is not the absolute amount of product, but
the proportion of aDNA that matches the template that depends to some extent on the
amount of template used [7,15]. This accounts for the high yield of the NTC reactions.
Since Filarial DNA sequences are very AT rich, it was necessary to test various
template mixtures and concentrations to demonstrate that there was no bias in the
amplification reaction. The finding that MDA effectively amplified small amounts of B.
malayi DNA in the presence of human DNA is very important, as parasite material
isolated from clinical samples is often contaminated with host sequences. It was also
striking that the MDA reaction was able to produce approximately 0.9 µg of
representative filarial DNA with template isolated from a single MF. Thus the MDA
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reaction should be able amplify enough genetic material from field samples to identify
filarial species, strains, and single nucleotide polymorphisms in individual parasites or in
populations of parasites in infected humans. It should also be possible to amplify enough
DNA from parasites in infected mosquitoes to type endemic strains without having to
take blood from humans.
For genetic characterization of parasites, aDNA needs to be representative of all
sequences found in the un-amplified template. These studies showed that aDNA was
comparable to gDNA in B. malayi sequence coverage by both BAC clone and microarray
hybridization methods. Incidentally, this is the first report of successful hybridization of
gDNA to a filarial microarray. Limited availability of parasite DNA forced past studies of
diversity in filarial parasites to focus on few loci. In contrast, microarray hybridization
can provide information on many thousands of genetic markers in a single experiment.
The combined use of WGA and DNA hybridization to oligonucleotide microarrays will
facilitate detailed genetic studies of field isolates of filarial parasites that were not
feasible before.
MDA based genome amplification may also become a useful tool for monitoring
parasite populations for development of drug resistance. Resistance to albendazole and
ivermectin (widely used in the Global Programme to Eliminate Lymphatic Filariasis for
mass drug administration) is already common in veterinary parasites [16,17]. No clear
evidence for clinical drug resistance has been shown for lymphatic dwelling filarial
parasites to date. However, mutations associated with benzimidazole resistance have been
detected in W. bancrofti, and responses to treatment are variable [18,19]. The paucity of
available anthelmintic drugs makes the threat of drug resistance particularly worrisome,

!

197

!
and MDA-based whole genome amplification in combination with microarray analysis
could be very useful tools for tracking and characterizing drug resistance in filarial
worms.
Yet another interesting aspect of our microarray data is the fact that both B.
malayi gDNA and aDNA bound better to probes representing W. bancrofti than probes
representing O. volvulus. This supports the results of previous phylogenetic studies that
have indicated that Brugia species are more closely related to Wuchereria than to
Onchocerca [20]. In light of this, DNA hybridization to microarrays holds great promise
as a tool for phylogenetic studies of filarial parasites. Microarray based studies of aDNA
would require much less genomic DNA material than traditional comparative genome
hybridization methods while still allowing thorough analyses.
In summary, this project has demonstrated the success of MDA-based whole
genome amplification in replicating the AT rich genome of a filarial nematode, B. malayi.
This technique is a valuable addition to the toolbox of molecular techniques that can be
employed in the study of helminth parasites.
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FIGURES

PCR assays comparing genomic and amplified DNA. q-PCR
Figure 1: Results of q-PCR
assays targeted the HhaI tandem repeat or the 18s rDNA of genomic DNA (gDNA) and
DNA amplified from 10 ng of gDNA template (aDNA).
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PCR assays targeting single and low copy number B.
Figure 2: Results of SybrGreen qq-PCR
malayi genes. Templates include: a cysteinyl tRNA synthetase (5055), three hypothetical
proteins (10860, 670, 2571), a Rab family protein (8728) and a putative serine/threonine
phosphatase (10182). (a) Represents gDNA while (b) represents aDNA.
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Figure 3: Results of q-PCR
PCR reactions with comparing various templates. Templates
include unamplified gDNA (gDNA), aDNA made from 0.5 ng of gDNA template
(aDNA), aDNA made from a template mixture of 5.0 ng of B. malayi gDNA and 5.0 ng
human DNA (mixed) and aDNA made using 1/15 of the lysate of one microfilaria as
template (MF).
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Figure 4: Assessment of the size of aDNA fragments by gel electrophoresis (a) and
conventional PCR analysis (b). (a) Gel electrophoresis indicates that the largest DNA
fragments found in aDNA (lane 2) are comparable in size to those found in gDNA (lane
1). One microgram of DNA was loaded in lanes 1 and 2. (b) Conventional PCR reactions
were able to amplify products ranging in size from 1505 to 3585 bp from 1.0 ng and
an 10
ng of gDNA template (lanes 1 and 2, respectively) and from 1.0 at 10 ng of aDNA
template (lanes 3 and 4, respectively). PCR primers used in these reactions are described
in Table 1.
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Figure 5: Identical representative sections of the BAC array hybridized with labeled
gDNA (a) and aDNA (b). Hybridization patterns obtained with these two DNA types had
> 90% agreement. Circles highlight examples of agreement.
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TABLES
Table 1: Sequences of oligonucleotides used to detect fragments of the 18S rDNA of B. malayi by q-PCR (amplicon size 120 bp) or
fragments of the X-chromosome (amplicon sizes 1,505 – 3,585) by conventional PCR.
Product
Size
Forward Primer (5'-3')
Reverse Primer (5'-3')
(BP)
120
1505
1896
2507
3021
3585
* TaqMan probe

!

CGAATTTTAAACGAGCGCATCT /
6FamATTTAATCCGTTAATTGGTGACTCMGBNFQ*

CATGCGATCAGCCATAGCTATT

CGGGGTTTCAGGTATTTGTGG
CTGCTGCTAATGACTGTCTG
AACGCTTGGCTTCCCTAAT
GGGTTCCTCTGATGCTACTTTC
GTTCGAGCAGCACTTGTCATAGG

ATTTGGCGGTAAGCTTGTTGTCT
GGAAGGTCTGAAACCGATTG
CAACTCCCCTGTCGTCA
CTTGATTCGACACCGATGAC
GAAACCATCATCGGCTCGTCT
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Table 2: Primer sequences and targets of SybrGreen q-PCRs analyzing single and low copy number protein coding genes (based on
genome data by Ghedin et al. [10]. The size of the q-PCR product was 65 bp.
Description
#
scaffolds
containing
EST
sequence:
AA072504
0
Cysteinyl
tRNA
synthetase
AW203926
0
Hypothetical
protein
EST
Accession
#

Reverse Primer (5’-3’)

TGAGATAGTAATTTGCAGTCCATC

AGTGCGCTAACGTAAGGCATAAT

CGCGAAACATGTGTAAAAGCAT

CCATTTTCAAAAGGTGAATGACATT

CAACGATTTCGCGATCATGTT

GCATTTTGACGATTTCTCGCTAA

AATAAAGAACCGAATGGGTCCAA

CCCCCTAATGCGCACTGAT

AI943531

1

AI783139

1

AI784778

1

Putative
GGAAGGTGGTGGATTGACTAAAAA GAGCTTTCATACACAAAGCAAGCA
serine/threonine
phosphatase

AA471542

1

Hypothetical
protein

!

Hypothetical
protein
Rab family
protein

Forward Primer (5’-3’)

TCACCGTCGAAATCTGCTTCT
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CGCGTGATGAGTTATCAGATGAA

!

Table 3: Hybridization of gDNA and aDNA to a filarial oligonucleotide microarray. Percentages shown are mean percentages of
flags detected in hybridizations to probes with sequences from the indicated species observed with either gDNA or aDNA made from
10 ng gDNA template. P values for differences between native genomic and amplified B. malayi DNA (assessed by Student’s T-test)
were: 0.19 for B. malayi clusters, 0.21 for O. volvulus clusters, 0.37 for W. bancrofti clusters and 0.13 for Wolbachia B.m. clusters. N
values indicate the number of samples tested.
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Species

No.
Clusters

B. malayi
O. volvulus
W. bancrofti
Wolbachia B.m.

15412
1016
872
803

genomic B. malayi
DNA (n=7)
94.99 ± 1.27
50.82 ± 6.82
72.30 ± 4.42
99.45 ± 1.17
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% of flags detected
Amplified B. malayi
DNA (n=10)
93.30 ± 3.52
55.70 ± 8.62
74.50 ± 5.30
92.81 ± 12.58

No Template
Control (n=1)
11.37
11.12
16.40
4.73

